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"Er ... Good morning, Oh Deep Thought," said Loonquawl nervously, "do you have ... er, that is ..." 
"An answer for you?" interrupted Deep Thought majestically. "Yes. I have." 
The two men shivered with expectancy. Their waiting had not been in vain. 
"There really is one?" breathed Phouchg. 
"There really is one," confirmed Deep Thought. 
"To Everything? To the great Question of Life, the Universe and Everything?" 
"Yes." 
"Though I don't think," added Deep Thought, "that you're going to like it." 
"Doesn't matter!" said Phouchg. "We must know it! Now!" 
 
"Alright," said Deep Thought. "The Answer to the Great Question ..." 
"Of Life, the Universe and Everything ..." said Deep Thought. 
"Is ..." said Deep Thought, and paused. 
"Forty-two," said Deep Thought, with infinite majesty and calm. 
 
 
Douglas Noel Adams, “The Hitchhiker’s Guide to the Galaxy” 
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Introduction and thesis outlines 
 
 
Biomass valorisation for chemicals, fuels and energy production 
 
The catalytic conversion of renewable resources into chemical intermediates or bio fuels represents 
a sustainable and environmental friendly solution to their increasing demand, allowing security of 
supply and economical advantage, in particular when cheap or, indeed, waste or residue raw 
materials, having a negative value, are employed as starting materials [1-2].  
This last aspect is very important because the employment of waste renewable for chemical 
transformations does not compete with food and feed production in the well known “food vs. fuel 
(or chemicals) conflict” [3].  
A substantial amount of research activities is currently in progress worldwide to identify attractive 
chemical transformations to convert biomass into organic (bulk) chemicals and to develop 
economically feasible processes for these transformations on a commercial scale.  
An attractive option is the conversion of biomass carbohydrates into levulinic acid (LA,  
4-oxopentanoic acid) by acid treatment under relatively mild conditions. LA is a platform chemical 
with various potential uses: it can be used as solvent, antifreeze and as starting material for 
polymers and pharmaceutical compounds. Levulinic acid contains a ketone and a carboxylic acid 
group. These two functional groups make levulinic acid a potentially versatile building block for the 
synthesis of various bulk chemicals as shown in Figure 1 [4-8].  
In particular, various levulinate esters may be used as gasoline and bio diesel additives.  
δ-Aminolevulinate (DALA) is a known herbicide, and the bisphenol derivative may be an 
interesting substitute for bisphenol A in polymer synthesis [9, 10]. A very important LA derivative, 
obtained from its selective hydrogenation, is γ-valerolactone (GVL) [11]. It exhibits very attractive 
physical and chemicals properties and could be considered as a sustainable liquid [12]. It can be 
used in perfumes and food industries as well as in polymer synthesis. 2-Methyltetrahydrofuran 
(MTHF) is a potential fuel additive obtainable from GVL catalytic hydrogenation [13]. 
Our research activities have been focused on the acid-catalysed decomposition of lignocellulosic 
biomass to give levulinic acid and its derivatives. The obtained levulinic acid can be successively 
hydrogenated to γ-valerolactone (GVL) in a multi-step process of conversion of biomass. 
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Figure 1: Potentially interesting derivatives of levulinic acid 
 
Up to now this reaction has been mainly performed in the presence of homogeneous systems or of 
palladium, platinum, rhodium and rhenium based heterogeneous catalysts. Significant GVL yields 
were obtained only adopting drastic reaction conditions in term of hydrogen pressure and or 
temperature or by employing not green solvent like 1,4-dioxane.  
 
The general aims of this thesis work were configured as follows: 
• Definition of the best catalyst and reaction parameters for the optimal conversion of various 
biomasses to LA. In chapters 4 and 5, the results of the experimental studies using a wide 
variety of biomasses (paper sludge, tobacco chops, lemon peels, lignocellulosic biomass from 
dedicated crops) were reported. The most efficient reaction conditions of this initial screening 
(acid catalyst, temperature, reaction time) were selected and applied in subsequent studies.  
• Study of Levulinic acid and Ethyl Levulinate hydrogenation to give γ-valerolactone (GVL). 
Chapter 6 describes the hydrogenation reaction, with heterogeneous catalysts. The main reaction 
parameters such as type of catalyst, temperature, solvent, pressure, have been studied in order to 
reach higher yields to GVL under mild reaction conditions with respect to the performances 
reported in the literature. 
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• The optimized reaction conditions and catalysts for biomass conversion to LA and its 
hydrogenation, will be applied at the one pot biomass direct conversion to GVL that will be 
discussed in chapter 7. 
• Study and characterization of lignins deriving from lignocellulosic biomass hydrolysis, in order 
to evaluate its best future employment (for example for polyurethanes foam, as an antioxidant, 
or such as an aromatics source by its subsequent hydrogenation reaction). The obtained results 
on lignins are shown in chapter 8.  
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Chapter 1 
Biomass valorisation 
1 Biomass valorisation 
1.1 Biomass valorisation for fuel and energy production 
 
The transformation of biomass into chemicals is becoming increasingly popular, worldwide, as a 
way to mitigate global warming and diversify energy sources. Furthermore, the energy needs of the 
developed world are currently over-dependent on the utilisation of finite fossil sources (petroleum, 
coal, natural gas). Since fossil resources are not renewable their availability is irrevocably 
decreasing.  
In the period 1980-2004 the consumption rate of not renewable sources has 50 % increased  and the 
projection of world needs will be of 600x1015 Btu of fossil resources in 2030 [1].  
 
 
Figure 1.1: World consumption of not renewable sources 
 
Whereas renewable-power technologies, such as wind and photovoltaic, may have major roles in 
the future for the production of electricity, provision must still be made for the supply of industrial 
chemicals and motor fuels that are currently predominately obtained from oil. The vast majority of 
modern synthetic products are also derived from oil. In fact, lots of modern industrial products, such 
as lubricants, textiles, polymers, resins are  obtained from fossil sources.  
Whereas it is difficult to predict the exact date of depletion of not renewable sources, the transition 
to renewable ones should be accelerated because of the frequently and unexpectedly changing of 
political/economical environments resulted in rising costs and limited access to fossil fuels.   
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The progressive depletion and price fluctuation of fossil resources shifts the production of energy, 
fuel and chemicals, from fossil to renewable materials. Today, only about 5 % of all the produced 
chemicals derive from fossil sources. The transformation of biomass into fuels and chemicals is 
becoming increasingly popular, worldwide, as a way to mitigate global warming and diversify 
energy sources. Biomass is the prime candidate because it is a renewable resource, and fuel derived 
from biomass usually burn more cleanly than fossil fuels. 
Furthermore, gas emissions from burning of fossil resources have resulted in a major increase in the 
CO2 concentration in the earth atmosphere and this will have a major impact on our global climate. 
In this context, the development of alternative renewable resources to replace fossils appears 
extremely urgent, because the use of biomass energy has the potential to greatly reduce greenhouse 
gas emissions.  
Burning biomass releases about the same amount of carbon dioxide of burning fossil fuels, but 
biomass releases carbon dioxide that is largely balanced by the carbon dioxide captured in its own 
growth (depending how much energy was used to grow, harvest, and process the fuel).  
In fact, during photosynthesis, plants form carbohydrates, which are provided the building blocks of 
biomass. The solar energy (that drives photosynthesis) is stored in the chemical bonds of the 
biomass. 
Although fossil fuels have their origin in ancient biomass, they are not considered biomass by the 
generally accepted definition because they contain carbon that has been "out" of the carbon cycle 
for a very long time. Their combustion therefore disturbs the carbon dioxide content in the 
atmosphere. However, fossil fuels release carbon dioxide captured by photosynthesis millions of 
years ago, an essentially "new" greenhouse gas.  
On the other side, biomass is one of the few forms of energy that can be used in a carbon negative 
manner. When biomass is combusted to produce heat, it releases less carbon than that absorbed by 
the plant material during the plant's lifecycle (see Figure 1.2). This is because approximately one 
third of the carbon absorbed by the plant during its life is sequestered in its roots, which are left in 
the soil to rot and fertilize nearby plant life, and the combustion of biomass produces 1-10% solid 
ash (depending on type of plant used), which is extremely high in carbon (this ash is commonly 
used as fertilizer). Biomass is a clean resource of fixed carbon, which is essential for the production 
of conventional hydrocarbon liquid transportation fuel [2-7] and petrochemicals products [8,9].  
To stimulate the transition from a fossil-based economy to renewable alternatives, active 
government participation is required. For example, the U.S. Department of Energy has set goals to 
replace 20% of the liquid petroleum transportation fuel with bio fuels and to replace 25% of 
industrial organic chemicals with biomass-derived chemicals by 2025 [10].  
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Figure 1.2: Biomass combustion in carbon negative manner 
 
Meanwhile, the European Union has targeted 2% of all petrol and diesel transport fuels to be 
biomass-derived by December 2005 and 5.75% by December 2010 [11].  
 
 
1.2 Biomass 
 
Biomass is a general term for any organic material derived from plants or from animal manure. It is 
any sort of vegetation either raw or processed, wild or cultivated, including trees, grasses, and plant 
parts such as leaves, stems, and twigs.  It is a renewable energy source, a biological material derived 
from living, or recently living organisms [12].  
 
Typically, biomass energy comes from three sources:  
• agricultural crop residues,  
• municipal and industrial waste,  
• energy plantations.  
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Examples of this energy source include: fast growing trees and grasses; agricultural residues like 
used vegetable oils, corn, feed crops residues; wood waste like paper trash, yard clippings, sawdust, 
or wood chips, animal waste; methane that is captured from landfills, livestock, and municipal 
waste water treatment. 
 
 
 
Figure 1.3: Various biomass sources 
 
Biomass is commonly plant matter grown to generate electricity or produce heat. A lot of processes 
such as cogeneration, gasification, and fermentation, can produce energy available for human 
consumption. For example, forest residues (such as dead trees, branches and tree stumps), yard 
clippings and wood chips may be used as bio fuel.  
However, biomass also includes plant or animal matter used for production of fibres or chemicals. 
Biomass may also include biodegradable wastes that can be burnt as fuel. It excludes organic 
material such as fossil fuel which has been transformed by geological processes into substances 
such as coal or petroleum.  
Industrial biomass can be grown from several types of plants, including miscanthus, switch grass, 
hemp, corn, willow, sorghum, sugarcane, and a variety of tree species, ranging from eucalyptus to 
oil palm. The particular plant used is usually not important to the end products, but it does affect the 
processing of the raw material. In the annual production of biomass, the food application is the most 
important part (95-97%): the remainder is used in non-food, for example as a feedstock for 
chemical industry.  
Generally biomass consists of 38–50% of cellulose, 23–32% hemicellulose and 15–25% lignin (see 
Figure 1.4) and the chemical composition of biomass depends strongly on its source. 
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Figure 1.4: Distribution of the three component of biomass 
 
1.2.1 Cellulose 
 
Cellulose is an organic compound with the formula (C6H10O5)n; it is a non-branched water-
insoluble polysaccharide consisting of a linear chain of several hundred to over ten thousand 
glucose units (Figure 1.5). Cellulose is the most abundant biopolymer synthesised by nature, its 
amount is estimated at approximately 2×109 tons year-1 [13]. Cellulose has no taste, is odourless, 
hydrophilic, insoluble in water and in most organic solvents, chiral and biodegradable. It can be 
broken down chemically into its glucose units by treating it with concentrated acids at high 
temperature. 
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Figure 1.5: The structure of cellulose 
 
Cellulose is derived from D-glucose units, which condense through β(1→4)-glycosidic bonds. This 
linkage motif contrasts with that for α(1→4)-glycosidic bonds present in starch, glycogen, and other 
carbohydrates. Cellulose is a straight chain polymer: unlike starch, no coiling or branching occurs, 
and the molecule adopts an extended and rather stiff rod-like conformation, aided by the equatorial 
conformation of the glucose residues. The multiple hydroxyl groups on the glucose residues from 
one chain form hydrogen bonds with oxygen molecules on the same or on a neighbour chain, 
holding the chains firmly together side-by-side and forming micro fibrils with high tensile strength. 
This strength is important in cell walls, where the micro fibrils are meshed into a carbohydrate 
Lignin 15-25 % 
Hemicellulose 23-32 % 
Cellulose 38-50 % 
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matrix, conferring rigidity to plant cells. Compared to starch, cellulose is also much more 
crystalline. Whereas starch undergoes a crystalline to amorphous transition when heated beyond 60-
70 °C in water (as in cooking), cellulose requires a temperature of 320 °C and pressure of 25 MPa 
to become amorphous in water.  
 
1.2.2 Hemicellulose 
 
Hemicellulose is a heteropolymeric material which contains many different sugar monomers. In 
contrast, cellulose contains only anhydrous glucose. For instance, besides glucose, sugar monomers 
in hemicellulose can include other C6-sugars (such as mannose and galactose) and C5-sugars 
(mainly arabinose and xylose). In fact, hemicelluloses contain most of the D-pentose sugars, and 
occasionally small amounts of L-sugars as well. Xylose is always the sugar monomer present in the 
largest amount, but mannuronic acid and galacturonic acid also tend to be present.  
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Figure 1.6: A representation of Hemicellulose 
 
Unlike cellulose, hemicellulose (also a polysaccharide) consists of shorter chains of 500 - 3000 
sugar units as opposed to 7,000 - 15,000 glucose molecules per polymer presents in cellulose. In 
addition, hemicellulose is a branched polymer, while cellulose is un-branched. While cellulose is 
crystalline, strong, and resistant to hydrolysis, hemicellulose has a random, amorphous structure 
with little strength. It is easily hydrolyzed by dilute acid or base as well as myriad hemicellulase 
enzymes. 
 
1.2.3 Lignin 
 
Lignin is the highly cross-linked racemic aromatic macromolecule presents in nature. It is relatively 
hydrophobic and it has a molecular masses in excess of 10,000 u. There are three monolignol 
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monomers (phenylpropene units), methoxylated to various degrees: p-coumaryl alcohol, coniferyl 
alcohol, and sinapyl alcohol (Figure 1.7).  
 
OH
CH2OH
OH
CH2OH
OH
CH2OH
MeO MeO OMe
(1) (2) (3)  
 
Figure 1.7: The three common monolignols:  
paracoumaryl alcohol (1),coniferyl alcohol (2) and sinapyl alcohol (3) 
 
These lignols are incorporated into lignin in the form of the phenylpropanoids p-hydroxyphenyl (H), 
(4-hydroxy-3-methoxyphenyl) guaiacyl (G), and syringyl (S) respectively (figure 1.8). 
Gymnosperms have a lignin that consists almost entirely of G with small quantities of H. That of 
dicotyledonous angiosperms is more often than not a mixture of G and S (with very little H), and 
monocotyledonous lignin is a mixture of all three [14]. 
 
OH
POLYMER
OH
POLYMER
OH
POLYMER
MeO MeO OMe
(G) (S)(H)  
 
Figure 1.8: The three lignin units: p-hydroxyphenyl (H),  
(4-hydroxy-3-methoxyphenyl) guaiacyl (G), and syringyl (S). 
 
Many grasses have mostly G, whereas some palms have mainly S. All lignins contain small 
amounts of incomplete or modified monolignols, and other monomers are prominent in non-woody 
plants [15]. Lignin biosynthesis (Figure 1.9) begins in the cytosol with the synthesis of glycosylated 
monolignols from the amino acid phenylalanine.  
The degree of polymerisation in nature is difficult to measure, since it is fragmented during 
extraction and the molecule consists of various types of substructures which appear to repeat in a 
haphazard manner. Different types of lignin have been described depending on the means of 
isolation. 
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Figure 1.9: Lignin polymerization 
 
The polymerisation step, that is a radical-radical coupling, is catalysed by oxidative enzymes. Both 
peroxidase and laccase enzymes are present in the plant cell walls, and it is not known whether one 
or both of these groups participates in the polymerisation. Low molecular weight oxidants might 
also be involved. The oxidative enzyme catalyses the formation of monolignol radicals.  
These radicals are often said to undergo uncatalyzed coupling to form the lignin polymer, but this 
hypothesis has been recently challenged [16].  
The alternative theory that involves an unspecified biological control is however not widely 
accepted. The formation of a lignin starts with the OH groups (either the alcoholic OH's on the 
chains or the phenolic OH's on the aromatic rings) that can react with each other or with the 
aldehyde or ketone groups.  
When an OH reacts with another, an ether linkage is formed. As we have seen, an OH reacts with 
an aldehyde to form a hemiacetal.  
The reactions of OH groups with ketones forms ketals. An early stage in the condensation of 
various monomers to form lignin is shown in the scheme in figure 1.10. There are several groups 
shown in the ellipse in figure 1.10 that can react further. Some will simply extend the polymer 
whereas others would establish cross linking.  
The monomer that is in the ellipse has three of its functional groups linked to other monomers, 
therefore it is starting a branch or cross link. 
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Figure 1.10: Lignin formation 
 
The large lignin molecules fill three dimensions and are heavily cross linked. Sometimes lignin is 
isolated as a brown powder, but more often it is a gummy mixture of lignins with a wide range of 
molecular weights. 
 
Figure 1.11: Schematic representation of a fragment of lignin 
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Despite extensive investigation, the complex and irregular structure of lignin is not fully understood. 
It varies, not only between different genera and species in the plant kingdom [17] but also according 
to the method of isolation. In fact, no method of isolation gives a highly representative and totally 
un-alterated native lignin [18]. 
All lignins contain small amounts of incomplete or modified monolignols, and other monomers are 
prominent in non-woody plants.   
Lignin acts as a glue, holding together the cellulose and hemicellulose fibres. It fills the spaces in 
the cell wall between cellulose, hemicellulose, and pectin components, especially in tracheids, 
sclereids and xylem. It is covalently linked to hemicellulose and thereby cross links different plant 
polysaccharides, conferring mechanical strength to the cell wall and by extension to the plant as a 
whole. It is particularly abundant in compression wood but scarce in tension wood.  
Because biomass is a mixture of variable composition it is difficult to say something precise about 
its properties. For example, the energy content of biomass varies strongly between different types 
(straw, softwood, hardwood ...) and depending on moisture content.  
The structure of lignins depends on a number of factors and accordingly can be modulated by 
several means including the botanical origin, the environmental conditions of growth and also the 
conditions of extraction from the in situ lignin network. Indeed, all the delignification techniques 
consist in the cleavage of covalent linkages of natural lignin and result in the solubilisation of 
polymer fragments. Accordingly, the chemical structures of the resulting lignins (molar mass, 
functionality, cross linking density) depend on the experimental conditions of delignification such 
as the use of acid or alkali but also on the use of organic or aqueous solutions and various other 
parameters (time, temperature,...).  
There are two principal categories of lignin: those which are sulphur bearing and those which are 
sulphur-free. It is the sulphur bearing lignins which have to date been commercialized. These 
include lignosulphonates and Kraft lignins.  
With a share of 76 %; the Kraft process (sulphate process) is the most significant process, followed 
by the Sulphite process with 8 % [19, 20]. The remaining 16 % are constituted of special 
technologies which focus on the production of technically high quality pulp.  
A wide variety of biomass sources is available for further conversion and utilisation. Selection of 
the biomass feedstock is of paramount importance from both techno- and socio-economical points 
of view. Waste streams with a low or even negative value, such as agricultural waste are preferred. 
Furthermore, it is also advantageous to select sources that are not prone to diseases, only require a 
limited amount of fertiliser, have a high growth rate per ha per year and are preferably available 
throughout the year.  
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The many advantages of biomass utilization that have already been mentioned are summarized in 
Table 1.1. 
 
ADVANTAGES DISADVANTAGES 
• Reduction of CO2 emission 
• Biomass as an energy source 
• Fossil fuel protection 
• High availability 
• Natural synthesis capacity reclaimable 
• Survival of agricultural structures 
• Composting ability 
• Biotechnology 
• High subsidy requirement 
• Complex production, extensive cultivation 
effects the ecosystem 
• Harvest dependent quality fluctuation 
• Utilization spectrum restricted to applications 
• Complex biomass separation 
• Disadvantageous C/H-ratio for basic chemicals 
production (ethen, propen) 
 
Table 1.1: Advantages and disadvantages of biomass 
 
Based on this criteria, vegetable and waste biomass represents a renewable natural source of 
oxygenates to be used as bio-fuels or as chemicals and fine chemicals.  
Many starting materials such as glucose, sucrose, starch, cellulose and biomass materials or 
agricultural wastes have been employed in this thesis and with “Le Calorie S.p.A.” it has been  
patented a new process for LA synthesis from paper sludge and agricultural wastes (exhausted 
lemon peels, tobacco chops powder, wood sludge) [21]. In this process waste biomass and waste 
materials were employed in order to look at the process with an ecologic and economical point of 
view by reducing the waste to dispose by traditional way. 
 
 
1.3 The Biorefinery 
 
Recently, there has been a strong political and technical focus on using biomass to produce 
transportation fuels. Much less attention has been given to biomass as a feedstock for organic 
chemicals. Replacement of petroleum-derived chemicals with those from biomass will play a key 
role in sustaining the growth of the chemical industry. 
Due to the chemical diversity of biomass, the production of a defined chemical substance is not 
trivial. Before performing a selective chemical or biochemical transformation, the used biomass has 
to be separated into defined substances or into a class of substances. Today, roughly 200 to 300 
products are derived from oil. At the beginning of this value-added chain, a petrochemical refinery 
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separates the crude oil into different products like hydrocarbons or aromatics by rectification. 
Efforts have been made to develop such a value added chain for biomass.  
In this context, to steer the research and development activities on biomass uses and to enhance 
market introduction, a new concept was introduced: biorefining [12, 22-24]. In analogy to 
petrochemistry, the concept of a bio-refinery stands at the beginning of this chain. By producing 
multiple products, a biorefiner takes advantage of the various components in biomass and their 
intermediates therefore maximizing the value derived from the biomass feedstock.  
According to the American National Renewable Energy Laboratory (NREL) [25] a biorefinery is a 
facility that integrates biomass conversion processes and equipment to produce fuels, power, and 
chemicals from biomass.  
The biorefinery concept is analogous to today's petroleum refineries, which produce multiple fuels 
and products from petroleum. Industrial biorefineries have been identified as the most promising 
route to the creation of a new domestic bio-based industry.  
The biorefinery is an efficient fractionation of the biomass into various value-added products and 
energy using physical separation processes in combination with (bio-) chemical and thermo-
chemical conversion steps. In that sense, the biorefinery is equal to the traditional petroleum 
refinery. The aim of biorefinery is to optimize the biomass conversion processes with a minimum 
loss of energy and mass and to maximize the added value of the production chain. 
Large-scale biorefinery systems are already operational; however, these existing systems deliver 
predominantly food products such as soy oil and soy protein, wheat starch and gluten, potato starch 
and protein. 
 
 
Figure 1.12: Basic principles of a biorefinery 
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With the biorefinery concept, these existing biomass based production processes may be optimised 
and novel processes may be developed that are more energy and cost effectively so that they can 
also be applied for non-food uses.  
The high-value products increase profitability, the high-volume fuel helps to meet energy needs, 
and the power production helps to lower energy costs and reduce greenhouse gas emissions from 
traditional power plant facilities. Although some facilities called biorefineries exist, the “real” bio-
refinery has yet to be fully realized. Future biorefineries may plan a major role in producing 
chemicals and materials that traditionally are produced from petroleum. 
Given the current robust forces driving sustainable production, and available biomass conversion 
technologies, biomass-based routes are expected to make a significant impact on the production of 
bulk chemicals within 10 years, and a huge impact within 20-30 years. 
There is a substitution potential of 10-15 % of fossil oil-based bulk chemicals by bio-based bulk 
chemicals, especially for oxygenated bulk chemicals, such as ethylene glycol and propylene glycol, 
iso-propanol and acetone, butylene and methylethylketone and for the replacement of methyl 
tertiary butyl ether (MTBE) by ethyl tertiary butyl ether (ETBE). 
Typically, three stages may be defined in a biorefinery (figure 1.13):  
 
1. Primary fractionation: de-polymerization unit   
Separation of the biomass into its components: cellulose, hemicellulose, lignin, proteins, amino 
acids, pure plant oil (PPO), minerals, fine chemicals and pharmaceutical compounds. In this stage 
are employed traditional separation technologies like filtration, solvent extraction and distillation. 
Furthermore, novel concepts like supercritical CO2 extractions and catalytic de-polymerization may 
also be explored.  
 
2. Secondary refinery process  
Conversion of the intermediate fractions to added value products such as bio-fuels and chemical 
intermediates, such as alcohols or acids, and platform chemicals like levulinic acid, lactic acid or 
phenolic compounds. The secondary conversion processes may be distinguished into thermo-
chemical processes (e.g. gasification, liquefaction) and biochemical processes (e.g. fermentation).  
 
3. Catalytic upgrading  
Further catalytic processing of the chemical intermediates to high added value end-products.  
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Figure 1.13: A scheme of a biorefinery 
 
By producing multiple products, a biorefinery can take advantage of the differences in biomass 
components and intermediates and maximize the value derived from the biomass feedstock. A 
biorefinery might, for example, produce one or several low-volume, but high-value, chemical or 
pharmaceutical products and a low-value, but high-volume liquid transportation fuel such as 
biodiesel or bioethanol. At the same time generating electricity and process heat, through combined 
heat and power technology, for its own use and perhaps enough for sale of electricity to the local 
utility. 
The high-value products enhance profitability, the high-volume fuel helps meet national energy 
needs, and the power production reduces costs and avoids greenhouse-gas emissions.  
 
A very important platform chemical, obtainable from the biorefinery after the catalytic upgrading, is 
levulinic acid. In the next chapter, the levulinic acid characteristics, reactions, uses, and major 
synthetic industrial processes will be exposed. 
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Chapter 2 
Biomass conversion to levulinic acid 
2 Biomass conversion to levulinic acid  
2.1 Levulinic acid as a platform chemical 
 
Levulinic acid has been defined as a platform chemical for its interesting uses in the polymer 
production and in many other industrial and research fields. It was identificated as one of the most 
important sugar based building blocks obtained from ligno cellulosic biomass from National 
Renewable Energy Laboratory (NREL) and PNNL (Pacific Northwest National Laboratory) 
researchers [1]. They identified twelve chemicals building blocks that can be produced from sugars 
via biological or chemical conversions.  
These basic chemicals can be subsequently converted to a number of high-value bio-based 
chemicals or materials. These chemicals, as considered for their analysis, are molecules with 
multiple functional groups that possess the potential to be transformed into new families of useful 
molecules.   
The twelve sugar-based building blocks are 1,4-diacids (succinic, fumaric and malic), 2,5-furan 
dicarboxylic acid, 3-hydroxy propionic acid, aspartic acid, glicaric acid, glutamic acid, itaconic acid, 
levulinic acid, 3-hydroxybutyrolactone, glycerol, sorbitol, and xylitol/arabinitol.  
The synthesis for each of the top building blocks and their derivatives was examined as a two-part 
pathway.  
The first part is the transformation of sugars to the building blocks. The second part is the 
conversion of the building blocks to secondary chemicals or families of derivatives.  
Biological transformations account for the majority of routes from plant feedstocks to building 
blocks, but chemical transformations predominate in the conversion of building blocks to give 
molecular derivatives and intermediates.  
The challenges and complexity of these pathways, as they relate to the use of biomass derived 
sugars and chemicals, were briefly examined in order to highlight R&D needs that could improve 
the economicals of producing these building blocks and derivatives.  
Not surprisingly, many of the transformations and barriers revealed in this analysis are common to 
the existing biological and chemical processing of sugars.  
The final selection of 12 building blocks began with a list of more than 300 candidates. The shorter 
list of 30 potential candidates was selected using an iterative review process based on the 
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petrochemical model of building blocks, chemical data, known market data, properties, 
performance of the potential candidates and the prior industry experience of the team at PNNL and 
NREL.  
This list of 30 was ultimately reduced to 12 by examining the potential markets for the building 
blocks and their derivatives and the technical complexity of the synthesis pathways.  
A second-tier group of building blocks was also identified as viable candidates. These include 
gluconic acid, lactic acid, malonic acid, propionic acid, the triacids, citric and aconitic; xylonic acid, 
acetoin, furfural, levoglucosan, lysine, serine and threonine.  
Recommendations for moving forward include  
 
a) examining top value products from biomass components such as aromatics, polysaccharides, 
and oils;  
b) evaluating technical challenges in more detail related to chemical and biological conversions;  
c) increasing the suites of potential pathways to these candidates.  
 
Therefore, levulinic acid was defined a versatile intermediate and one of the United States 
Department Energy’s (DOE’s) top 12 derivatives feedstocks [2].  
In recent years, levulinic acid has drawn considerable attention from researchers around the world 
due to its potential as an important basic chemical. Gorphade and Hanna, in 1997 [3] reviewed the 
properties of levulinic acid, and suggested potential uses as polymer resin, plasticizer, textile dye, 
animal feed additive, fuel extender, antifreeze and food antimicrobial agent.  
Numerous patents have been published in the United States in the area of manufacturing, 
purification and further development of levulinic acid. 
Levulinic acid (LA, Figure 2.1) is a very important platform for chemical industry: it is also known 
as 4-oxopentanoic acid or γ-ketovaleric acid. It is a C5-compound, a short chain fatty acid, has a 
ketone carbonyl group (CO) and an acidic carboxyl group (COOH).  
 
O
O
OH
 
Figure 2.1: Levulinic Acid (LA) 
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The presence of both these groups results in interesting reactivity patterns. Since LA is a highly 
polar compound it is easily soluble in water, ethanol, diethyl ether, acetone and many other organic 
solvents.  
The pKa of the dissociation constant of LA is 4.59 [4], which is comparable with low molecular 
weight aliphatic carboxylic acids and it is a very versatile chemical intermediate because it has the 
typical reactions of carboxylic and ketonic compounds and the reactions where there is the effect of 
both groups.  
Levulinic acid is a very interesting chemical platform from which it is possible start the synthesis of 
lots of products such as solvents, polymeric resins, pharmaceutical products, fuel additives, 
herbicides, fertilizers.    
 
 
2.2 Levulinic acid from biomass conversion 
 
The first levulinic acid synthesis method was reported by Mulder in 1840 [5]: he studied the acid 
catalyzed conversion of sucrose at high temperature to give levulinic and formic acid (Figure 2.2) : 
 
C12H22O11
HCl
2
H3C
O
O
OH +
H
O
OH
2
 
 
Figure 2.2: Sucrose degradation to levulinic acid 
 
Other starting materials and reagents have also been applied.  
Traditional synthesis are the hydrolysis of acetyl succinate ester [6], the acid hydrolysis of furfuryl 
alcohol [7, 8] and the oxidation of ketones [9-11]. LA can also be prepared by a Pd-catalysed 
carbonylation of ketones [12] and by the alkylation of nitroalkanes [13].  
In spite of its great potential as a platform chemical, LA has never been produced in a significant 
volume for large scale distribution and industrial applications.  
The reason is that LA production was mainly studied in the early 1950s, when expensive precursor 
were employed, the yields were low because of the high amount of by-products and the equipment 
for separation and purification steps was lacking.  
In this context, the LA synthesis by the controlled acid catalyzed degradation of biomass hexoses 
and polysaccharides appears now very promising for an industrial application.   
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On a molecular level, the conversion of lignocellulosic biomass to levulinic acid is known to follow 
a complicated reaction scheme involving several intermediates and by-products (see Figure 2.3) 
[14].  
 
 
Figure 2.3: Possible pathways and products of the acid-catalysed 
 hydrolysis of a typical lignocellulosic material. 
 
Hemicellulose and cellulose, two of the three main constituents of biomass, are carbohydrate-based 
polymers that can be broken down to low molecular weight sugars by hydrolysis using an acid 
catalyst.  
The acid-catalysed decomposition of the C6-sugar fragments (e.g., glucose) leads to 5-
hydroxymethyl-2-furaldehyde as intermediate product, which is subsequently re-hydrated to give 
levulinic and formic acids as final products.  
Hydrolysis of the C5-sugars of hemicellulose may lead to furfural. In addition, other constituents of 
the hemicellulose components may produce side products like acetic acid and galacturonic acid. 
Lignin, the third main constituent of lignocellulosic biomass, is a resin-like polymer matrix with 
various substituted phenolic groups present.  
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The lignin can be converted in very interesting aromatic commercial products, such as vanillin, 
catechols, resins, phenols.   
During the acid hydrolysis, various acid soluble lignin-derived components may be formed, 
increasing the product complexity.  
The simplified reaction scheme given in Figure 2.3 does not explicitly show the reactions leading to 
the undesired insoluble-polymeric materials known as humins. 
The catalytic conversion of renewable resources into chemical intermediates or biofuels represents a 
sustainable and environmentally friendly solution to their increasing demand, allowing security of 
supply and economical advantage, in particular when cheap or, indeed, waste or residue raw 
materials, having a negative value, are employed as starting materials 
These substrates can be monosaccharides like glucose or fructose, disaccharides like sucrose and 
polysaccharides like cellulose or starch. It could be employed a large range of different biomasses 
from dedicated crops or waste materials that contain the above two polysaccharides: wood, wood 
sawdust, bagasse, sorghum grain, agricultural waste (e.g. tobacco), waste material with cellulose 
high content (e.g. old newspaper, paper mill sludge, … ) or sugar high content (e.g. sugar cane, 
grape or olive marc). 
 
Two different approaches are commonly applied for the hexoses acid catalyzed thermal degradation 
to levulinic acid: 
 
1. Mineral acids in high concentration (e.g., 15−16 N HCl or 31−70 wt % H2SO4) as 
catalysts and low operating temperatures (20−50 °C) [15, 16];  
 
2. Highly diluted acids at high operating temperatures (170−240 °C). This is the most 
promising approach for an industrial application and research studies applying this 
approach are abundant [14, 17-19]. 
 
Both processes present their advantages and disadvantages.  
The biggest disadvantages of first approach are the high costs for the strong acid recycle, for the 
reactor material, and for the product recovery system. On the contrary, hydrolysis with diluted acids 
is used in industry and does not require high consumption of catalyst.  
High temperature hydrolysis of polysaccharides, however, does not allow to attain high yields of 
monocarbohydrates and levulinic acid.  
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The main problem of the levulinic acid production from cellulose is rather the low selectivity of 
process (20-40 % wt.): the best yields can be principally attained at low temperature [20].   
The maximum theoretical yield of LA from hexoses and cellulose is 64.5 wt % and 71.5 wt % 
respectively, due to formic acid co-production.  
As close to this theoretical yield in the conversion process could be achieved, it will depend on the 
degradation reactions involved.  
The yield is generally lowered (two third or even less) by the formation of undesired solid black by-
products, called humins, which can cause the clogging of the reactor and separators and filters 
fouling [21].  
Previously developed technologies that attempted to produce LA from lingo-cellulosics had high 
costs due to low LA yields (around 3 % by mass) and significant tar formation.  
Furthermore, humins deposition on reactor walls makes the thermal exchange and the process 
temperature control difficult. 
 
 
2.3 Batch processes for levulinic acid production  
 
Biomass hydrothermal conversion has been studied with a huge range of feedstocks: 
monosaccharides like glucose and fructose, disaccharides like sucrose, polysaccharides like starch, 
cellulose and waste materials such as old newspaper, straw, various wood and sawdust. 
There are many kinds of catalysts used for these processes: homogeneous (mineral acids like HCl, 
H2SO4, HBr) and heterogeneous (Amberlite IR-120, Dowex Resin, HY-zeolite).  
Typical studied reactions are summarized  in Table 2.1 and 2.2.  
The first experiments on biomass conversion to levulinic acid in an application perspective has been 
patented by Moyer in 1942. Starch and hydrochloric acid were used as raw material and catalyst 
respectively. The reaction slurry was converted in autoclave operating at 200 °C with a yield of 35 
% wt and high formation of huminic by-products [26]: a relatively long time was required to 
complete the reaction.  
When waste materials were utilized as feedstock, yields were lower.  
Sassenath and co-workers, employed wood sawdust with dilute HCl at 190 °C and reported a very 
low ponderal yield of levulinic acid: 9 % wt. [34]. 
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Feedstock C0  
(wt %)a 
Acid Cacid 
 (wt %) 
T  
(°C) 
t 
 (h) 
YLA 
 (wt %)b 
Ref. 
Cane sugar 28 HCl 18 100 24 15 22 
Glucose 32 HCl 20 R.T.c 24 15 22 
Corn starch 29 HCl 6.5 162 1 26 22 
Sucrose 29 HCl 6.5 162 1 29 22 
Glucose 29 HCl 6.5 162 1 24 23 
Fructose 29 HCl 6.5 162 1 25 24 
Hydrold 42 HCl 7.4 R.T. 22 25 25 
Corn starch 33 HCl 1.8 200 0.5 35 26 
Starch 26.5 HCl 5.2 R.T. 24 19 26 
Rice hulls 14 HCl 1 160 3 10.3 26 
Rice straw 14 HCl 1 160 3 5.5 26 
Corn stalk 14 HCl 1 160 3 7.5 27 
Cotton linters 14 HCl 1 160 3 7.4 27 
Sucrose  6 H2SO4 9 125 16 30 27 
Sucrose  6 HCl 9.7 125 16 43 28 
Sucrose  6 HBr 9 125 16 50 28 
Sucrose  27 Amberlite IR-120 19 R.T. 41 15.6 28 
Fructose 27 Amberlite IR-120 19 R.T. 27 23.5 29 
Glucose 27 Amberlite IR-120 19 R.T. 124 5.8 30 
Glucose  5-20 H2SO4 0.1-4 160-240 f(T)e 35.4 30 
Pulp slurry 10 HCl 6 160 1 40.5 31 
Glucose 10 HCl 6 160 0.25 41.4 32 
Cotton stems n.a.f H2SO4 5 180-190 2 6.13 33 
Wood sawdust 20 HCl 1.5 190 0.5 9 34 
Oakwood n.a. H2SO4 3 180 3 17.5 35 
a 
C
0 
is the initial concentration of feedstock and defined as the ratio between the mass of feedstock and the total mass;  
b 
Y
LA 
is defined as the ratio between the mass of LA and the mass of feedstock; 
c 
R.T. = Refluxed Temperature;  
d 
Mother liquor of crystalline corn starch;  
e 
Time is a function of temperature;  
f 
n.a. = data is not available;  
g 
Fe-pillared montmorillonite;  
h 
Types of wood are beech, aspen, pine and spruce.  
 
Table 2.1: Batch processes for the biomass conversion to LA 
 
 
Recently, in 2000, a new patent has been reported for the production of levulinic acid from old 
newspapers [45], a feedstock with very high cellulose content: 85 % wt.  
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Feedstock C0  
(wt %)a 
Acid Cacid 
 (wt %) 
T  
(°C) 
t 
 (h) 
YLA 
 (wt %)b 
Ref. 
Bagasse 9 H2SO4 1.3 25-195 2 17.5 36 
Fructose 4.5-18 HCl 2-7.5 100 24 52 37 
Sucrose 20 Resin Dowex 6.25 100 24 17 38 
Sawdust n.a. HCl 8 n.a. n.a. 6.9 39 
Shredded paper n.a. HCl 8 n.a. n.a. 17.2 39 
Fructose 50 LZY-zeolite 50 160 15 43.2 40 
Glucose 12 Clay catalystg 3 150 24 12 41 
Glucose 12 HY-zeolite 3 150 24 6 41 
Cellulose 10 H2SO4 3 250 2 25.2 42 
Various woodsh 10-20 H2SO4 5 200-240 2-4 13-18 42 
Cellulose 10 H2SO4 1-5 150-250 2-7 ≤25.2 42 
Cellulose 10 HCl 1-5 150-250 2-7 ≤28.8 42 
Cellulose 10 HBr 1-5 150-250 2-7 ≤26.9 42 
Aspen wood 10 H2SO4 1-5 150-250 2-7 ≤15.5 42 
Aspen wood 10 HCl 1-5 150-250 2-7 ≤12.4 43 
Aspen wood 10 HBr 1-5 150-250 2-7 ≤13 44 
Newspaper 30 H2SO4 10 150 8 12.8 45 
Sorghum grain 10 H2SO4 8 200 0.67 32.6 46 
Extruded starch 25 H2SO4 4 200 0.67 47.5 47 
Wheat straw 6.4 H2SO4 3.5 209.3 0.63 19.8 48 
Water hyacinth 1-5 H2SO4 0.1-10 150-175 0.33 9 49 
Sucrose 16 H2SO4 18 140 8 40-50 50 
Sucrose 16 Nafion-NR50 7 140 40 35 50 
Marine algae 4.7 H2SO4 3 160 0.67 19.5 51 
a 
C
0 
is the initial concentration of feedstock and defined as the ratio between the mass of feedstock and the total mass;  
b 
Y
LA 
is defined as the ratio between the mass of LA and the mass of feedstock; 
c 
R.T. = Refluxed Temperature;  
d 
Mother liquor of crystalline corn starch;  
e 
Time is a function of temperature;  
f 
n.a. = data is not available;  
g 
Fe-pillared montmorillonite;  
h 
Types of wood are beech, aspen, pine and spruce.  
 
Table 2.2: Batch processes for the biomass conversion to LA (continue) 
 
In this process there is a first pre-hydrolysis step with sulphuric acid at 40 °C to obtain the cellulose 
de-crystallinization. Successively the reaction mixture is heated to 150 °C for a long reaction time 
(8 hours). The levulinic acid ponderal yield is very low (10,9 %), therefore this patent appears not 
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promising because the reaction time is high and the yield is low for a starting material with high 
cellulose content. 
In 2002, Fang and Hanna studied the LA production from sorghum grain (starch content 74 %) [46] 
with sulphuric acid at 200 °C. In this work H2SO4 resulted better than HCl. The obtained yield is 
quiet high (33 % wt) but the feedstock is not a waste material and sulphuric acid is employed in 
high concentration (10 % wt), therefore this process can be considered expensive for an industrial 
application. 
More recently Chang and co-worker [48] reported the conversion of milled wheat straw as starting 
material with cellulose content of 40.4 %. They individuated the optimal condition (shown in Table 
2.2) by witch a ponderal yield of 19.8 % wt. was reported, corresponding at 70 % of maximum 
theoretical yields, based on cellulose content. 
In 2008, the research group of Heeres [49] reported the study on acid catalysed hydrolysis of the 
water hyacinth plant (very diffused in Holland) to levulinic acid. With high sulphuric acid 
concentration, LA was the major compound formed, with a yield of 53 % in mol (based on dried 
based C6 sugars) and 9 % in weight. 
In this last year, a very interesting work was proposed by the group of Jeong [51], who studied the 
catalytic conversion of the marine algal biomass Gelidium amansii to sugars (glucose and galactose) 
and levulinic acid. This red algae is widely used in agar production, which is applied in food and 
chemical industries and has a high carbohydrate content.  
The main disadvantage of the use of solid catalysts is represented by their deactivation by tar, 
humic substances formed in the quantity, at least, of 5 – 10 % wt. based on the target products. The 
other problem with the resins and zeolites is their insufficient catalytic activity in water media, so a 
higher amount of acid is necessary to obtain high LA yields.  
We can compare the catalytic activity using fructose as feedstock with different catalyst: 
homogeneous and heterogeneous. When is employed HCl [37] the yield is 52 % with low acid 
concentration and low temperature process (100 °C). On the contrary, using the heterogeneous 
catalyst LZY-zeolite [40], to obtain a LA yield of 43 % is necessary higher temperature (160°C) 
and higher catalyst quantity. In water media only strong mineral acids possess the necessary high 
acidity and catalytic activity at the moderate temperatures.  
The rate of fructose conversion is proportional to Hammett acidity function in the range of HCl 
concentration 0.5-2.0 M [37].  
Maximum yield of LA in HCl-catalyzed glucose conversion is also characterized by linear 
dependence on Hammet acidity function in the range of HCl concentration 5 – 8 M, and the yield 
increases with decreasing the catalyst concentration. Such selectivity gain can be explained by 
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raising the water activity and decreasing the contribution on the pathways connected with the 
reactant and intermediate condensation into humic substances. 
 
 
2.4 Continuous processes for levulinic acid  
 
All the above described processes were carried out in laboratory scale using batch reactors. Dunlop 
and Wells, in 1957, proposed the first continuous process for the production of LA from corncob 
furfural residue working at atmospheric pressure [52]. It is schematically shown in Figure 2.4. 
The acid catalyst used in this process is dilute sulphuric acid (3 % wt) and the biomass is corncob 
furfural residue (21 % wt): they are mixed with water and then are passed continuously through a 
reactor (E-1) working at 170 °C for two hours.  
 
 
 
Figure 2.4: Dunlop and Wells continuous levulinic acid production 
 
After the reaction time, the humins were separated by filtration in E-2 and LA was extracted with 
methyl isobutyl ketone (water immiscible solvent) in E-3 to obtain an organic solution with the 
product and an aqueous solution with the acid catalyst. The latter is recycled to the mixer prior to be 
inserted in the reactor. In an evaporator (E-4), the extraction solvent is separated from the LA and is 
recycled to the extraction column.  
Further concentration and purification of LA is carried out in a fractionation unit (vacuum 
distillation). With this process, a LA yield of 19.9 wt % based on the weight of the dry feedstock 
charged to the process was obtained.  
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Another continuous process was patented by Ghorpade and Hanna in 1999 [53]. They studied the 
reactive extrusion of LA (Figure 2.5) with corn starch, sulphuric acid and water.  
The reactants are mixed and then sent to a twin-screw extruder with a variable temperature profile 
of 80–100 °C, 120–150 °C and 150 °C. The humins are separated by filtration and LA was 
collected with vacuum distillation: the yield is 48 % of the weight of the feedstock. 
The yields are 48 % maximum due to the high formation of huminic by-products. The principal 
disadvantage of this process is the need of a very expensive special steel extrusor because of the 
high corrosiveness of reaction mixture.   
 
 
 
Figure 2.5: Ghorpade and Hanna reactive extraction for levulinic acid production 
 
The Biofine Process, proposed by Fitzpatrick, is one of the most advanced and commercially viable 
lignocellulosic-fractionating technologies currently claimed [54].  
This process involves the use of dilute sulphuric acid as a catalyst and various feedstocks such as 
paper, wood and other ligno-cellulosic material, but it differs from other dilute-acid ligno-cellulosic 
fractionating technologies in that free monomeric sugars are not the product.  
Instead, the 6-carbon and 5-carbon monosaccharides undergo multiple acid-catalysed reactions to 
give the platform chemicals levulinic acid (C5H8O3) and furfural (C5H4O2) as the final products.  
The feedstock is initially shredded before the biomass particulates are conveyed by a high-pressure 
air injection system to a mixing tank. Here the feedstock is mixed with recycled dilute sulphuric 
acid (1.5-3%, depending on feedstock and titratable alkalinity). The Biofine Process then consists of 
two distinct acid-catalysed stages (Figure 2.6) that operates to give optimal yields with a minimum 
of degradation products and tar formation.  
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Carbohydrate feedstock and sulphuric acid catalyst solution are mixed, and supplied continuously to 
a tubular reactor that operates at a typical temperature of 210–220 °C and pressure of 25 bar. This 
rapid nature of the hydrolysis means that the residence time in this first reactor is only 12 seconds in 
order to depolymerise the polysaccharide into their soluble monomers (e. g. hexoses, pentoses, 
HMF).  . 
 
 
 
Figure 2.6: Biofine continuous process 
 
A small amount of sodium (or potassium) sulphite is added to the reaction mixture in order to 
prevent the clogging of this reactor, characterized by an elevated height/internal diameter ratio. 
However, up to now, it is not clear the role the role of this component in order to prevent humins 
deposition. Given that the products are removed continuously, such a small residence time requires 
that the diameter of the reactor is kept small. 
The outflow mixture is feed to a continuously stirred tank reactor that operates at a lower 
temperature (190–200 °C, pressure 14 bar). This reactor is considerably larger than the first, 
however, due to the need for a residence time of approximately 20 minutes.  
In this second step, there is the substrate hydrolysis to levulinic acid, that is recovered by drawing-
off liquid. The reaction conditions in the second reactor are chosen as such as to vaporise formic 
acid and furfural, and the vapour is externally condensed to collect these side products.  
Furfural and other volatile products tend to be removed at this stage whereas the tarry mixture of 
LA and residues are passed to a gravity separator. From here, the insoluble mixture goes to a 
dehydration unit where the water and volatiles are boiled off.  
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The heating of the mixture to boil off the LA is carried out under reduced pressure and results in the 
tarry material being “cracked”, to give a bone-dry powdery substance (‘char’). Solid by-products 
are removed from the LA solution in a filter-press unit and the crude 75% LA product can be 
purified up to a purity of 98% by distillation. The acid is recovered in the final recycle stage, 
allowing it to be reused in the system.  
The Biofine Process, due to its efficient reactor system and the use of polymerisation inhibitors 
reducing excessive char formation, achieves from cellulose LA yields of 70-80% of the theoretical 
maximum. This translates to the conversion of approximately 50% of the mass of 6-carbon sugars 
to LA, with 20% being converted to formic acid and 30% to tars. The mass yield of furfural from 5-
carbon sugars is also approximately 70% of the theoretical value of 72.7%, equivalent to 50% of the 
mass, the remainder being incorporated in the Biofine char. The yield claimed is 62 % by 
employing wastepaper such starting material. This material contains 80 % w/w of cellulose so it can 
not be defined a real waste feedstock. Furthermore, by employing two different special steel 
reactors, the process costs are very expensive.  
 
The typical yields of LA for the Biofine technology at different reaction conditions and intakes are 
given in Table 2.3. 
 
Feedstock 
(wt %)a 
Feed 
(L min-1) 
C0b 
(wt %) 
CH2SO4 
(wt %) 
T1c 
(°C) 
τ1c 
(s) 
T2c 
(°C) 
τ2c 
(s) 
LA outflow 
(kg min-1) 
YLAd 
(wt %) 
A (44 wt %) 0.945 4 3.5 232 14 196 30 0.0088 23 
A (44 wt %) 0.96 2 1.9 215 14 200 20 0.0061 32 
A (44 wt %) 0.32 10 3 232 23.3 206 29.8 0.0048 15 
B (80 wt %) 1.02 1 1.15 220 14 200 20 0.0040 39 
B (80 wt %) 1.04 2 1.5 215 14 200 25 0.0085 41 
C (42 wt %) 0.7 10 5 220 15.7 210 20 0.0121 17 
 
a: Feedstock A is a sludge of bleached kraft paper that contains 44 wt % of cellulose, feedstock B is 
a sludge partially or non-bleached kraft paper that contains 80 wt % of cellulose and feedstock C is 
a raw wood flour that contains 42 wt % of cellulose. 
b: C0: initial concentration of feedstock and defined as the ratio between the mass of the feedstock 
and the total mass 
c: T1, τ1, T2 and τ2 are the temperature in the first reactor, the residence time of the first reactor, the 
temperature in the second reactor and the residence time in the second reactor, respectively. 
d: YLA is LA yield and defined as the ratio between the mass of LA and the mass of feedstock. 
 
Table 2.3: Typical conditions of Biofine process 
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To the best of our knowledge, the first commercial-scale plant for the conversion of lignocellulosic 
biomass to LA has been built in Caserta, Italy [55, 56]. This unit will process 3,000 ton of feedstock 
per year, originating from local tobacco bagasse and paper mill sludge and it applies the Biofine 
technology, the major products being LA and ethyl levulinate, the latter to be used as a fuel 
additive.  
 
 
2.5 The mechanism of biomass degradation to levulinic acid 
 
The mechanism of the carbohydrates acid catalysed degradation to LA has been extensively 
studied; however, only a limited amount of information is available and only a few number of 
intermediates are known [57-67].  
 
There are three fundamental stages (Figure 2.7): 
1. cellulose de-polymerization to glucose  
2. glucose dehydration to 5-hydroxymethylfurfural (HMF) 
3. HMF hydrolysis to levulinic and formic acid 
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Figure 2.7: Cellulose degradation to levulinic acid  
 
The first stage is represented by the polysaccharide cellulose de-polymerization to give the 
monomer glucose by acid catalyzed hydrolysis of β-1,4-glycosidic bonds.  
Cellulose is hydrolysed in pure water by attack by the electrophilic hydrogen atoms of the H2O 
molecule on the glycosidic oxygen (Figure 2.7). This is a very slow reaction because of the 
resistance of the cellulose to hydrolysis.  
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The reaction can be speeded up using elevated temperatures and pressures or can be catalyzed by 
acids (concentrated or dilute), or by highly selective enzymes such as cellulases.  
The steps involved in the acid-catalyzed hydrolysis of cellulose are illustrated in Figure 2.8.  
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Figure 2.8: Steps involved in the acid hydrolysis of the cellulose [58]  
 
The H+ ions equilibrate between the oxigen atoms in the system, including those of water and the 
glycoside, with the consequence that there is an equilibrium concentration of the protonated 
glycoside. This equilibrium tends towards the protonated form of the glycoside with increasing 
temperature.  
The protonated conjugate acid then slowly breaks down to the cyclic carbonium ion, which adopts a 
half chair conformation (whereas the other glucopyranose residue retains the OH at C-4). After a 
rapid addition of water, free sugar is liberated. Because the sugar competes with the water, small 
amounts of disaccharides are formed as reversion products [58]. 
There is a time/temperature relationship whereby lower acid concentrations require more extreme 
conditions and longer times for cellulose degradation.  
The use of stronger acid may reduce the cost associated with higher pressure vessels, but the costly 
effects of equipment corrosion and of acid loss may be excessive. The rates of cellulose hydrolysis 
may differ according to the degree of cristallinity of the cellulose (i.e. the portions of crystalline and 
amorphous cellulose present), a factor which varies in the different feedstocks. 
The mechanism of hydrolysis of hemicellulose polysaccharides is similar to that illustrated for 
cellulose in figure 2.8 and generally involves the protonation of the glycosidic oxygen.  
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Process conditions do not need to be so severe because of the lower degree of polymerization (the 
formation of the carbonium ion takes place more rapidly at the end of a polysaccharides chain) and 
a tendency for the occurrence of less intermolecular bondings in most hemicelluloses.  
However, those hemicelluloses which have higher content of uronic acids may exhibit a lower rate 
of hydrolysis than the others, as a result of the steric effects of the carboxyl groups.  
It has been demonstrated that glucose isomerizes to fructose before the degradation to HMF that 
successively hydrolyses to levulinic and formic acid.  
Scheme represented in figure 2.9 shows the proposed mechanism of consecutive reactions for the 
conversion of hexose sugars, such as D-glucose (a), D-mannose (b) or D-fructose (c) to HMF [59-
61].  
These reactions have been established by numerous studies aimed at identification of intermediate 
products and analyses of pathways for their further transformations. Fructose (c) is a known 
intermediate in the acid-catalysed decomposition of glucose [62-64]. It is likely formed from 
glucose (a) according to a reaction mechanism given in Scheme 2.9 [63, 65]. 
Here, 1,2-enediol (d) is proposed as the common intermediate. The enediol, obtained upon 
enolization of D-glucose, D-mannose or D-fructose is the key compound in the formation of HMF. 
Further dehydration of the enediol (d) yields the product (e); which is further dehydrated to give 
3,4-dideoxyglucosulosene-3 (f).  
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Figure 2.9: Dehydration of hexoses to HMF  
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Enediol, indeed, is readily converted to the dienediol (g), which eventually results in the formation 
of 5-hydroxymethylfurfural (i) via the intermediate cyclic compound (h). Humic-type compounds 
can also be produced as side products in this reaction. 
However, fructose could never be detected in the reaction mixtures. This is not surprising, because, 
as previous studies have already shown [37, 59] that the dehydration of fructose to HMF is much 
faster than that of glucose. Therefore, any fructose formed from glucose is expected to be converted 
to HMF rapidly. 
The conversion of HMF into LA is the result of water addition to the C2-C3 bond of the furan ring 
to give the final products LA and formic acid (see Figure 2.10) [66]. The water addition to the furan 
ring, leads to an unstable tricarbonyl intermediate (l) which decomposes to levulinic acid (LA) (m) 
and formic acid (HCOOH). The steps in brackets in the mechanism below have not been proven 
and include several assumptions; these intermediates were proposed by Horvát [66] based on the 
analysis of 13C-NMR spectra of the reaction mixture formed in the hydration of HMF. When the 
process is not carried out in optimal conditions, the yield is lowered by the formation of humins. As 
well as cellulose and LA, there are likely to be many other intermediates than those presented above. 
Some authors [66] have estimated that there are over 100. These intermediates tend to cross-react 
and coalesce to form an acid-resistant tar which incorporates many insoluble residues such as 
humins.  
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Figure 2.10: Proposed mechanism of HMF conversion to LA 
 
Substantial amounts of insoluble humins are formed in the course of the reaction. There are strong 
indications that the humins may be formed from both glucose and HMF [27, 63] and LA is not a 
source for humins.  
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This has been checked independently by reacting LA with 1 M sulphuric acid at 150 °C for 6 hours. 
It was found out that the concentration of LA was constant during the reaction [68].  
Recently, the mechanism of levulinic acid and humic substances formation from carbocation 
intermediates has been revisited. For the first time the influence of levulinic acid and glucose 
additions on the fructose acid catalyzed conversion in water medium was studied.  
According to this mechanism, the carbocation formed from the fructose interacts with water 
producing the target products (HMF and LA) or with another molecule of carbohydrate or with  
levulinic acid itself giving rise to humic substances [69]. 
Other possible by-products are so-called glucose reversion products , reported in the following 
scheme (figure 2.11). 
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Figure 2.11: Reversion reaction of glucose in acid solution 
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Thypical glucose reversion products are levoglucosan or 1,6-anhydro-β-D-glucopyranose (q), 1,6-
anhydro-β-D-glucofuranose (r), iso-maltose (s) and gentiobiose (t).  
In acidic solutions, the acyclic form of D-glucose (a) exists in equilibrium with its anomeric forms, 
i.e., α-D-glucopyranose (o) and β-D-glucopyranose (p). The anomeric forms may be involved in a 
number of reactions leading to reversion products [65, 70].  
Intra-molecular condensation reactions produce anhydro sugars, mainly levoglucosan and 1,6-
anhydro-β-D-glucofuranose.  
Inter-molecular condensation reactions between two glucose units will give disaccharides such as 
isomaltose and gentobiose.  
Several investigators [71, 72] have also found and isolated other type of disaccharides, i.e., (1→2)-
linked and (1→3)-linked dimers. Many studies [70, 72] revealed that the yields of anhdyro sugars 
were higher than the yields of disaccharides, although other investigator [71] found opposite results.  
The reversion products were observed at the initial stage of the reactions. At full glucose conversion, 
reversion products were absent.  
The maximum concentrations of the reversion products in the course of the reaction were very low 
which made it very difficult to determine the concentrations of every component accurately. 
 
In conclusion, it appears evident that is important to find the best reaction conditions in order to 
optimize the biomass conversion to desired product LA and avoid by-products formation. In 
successive chapters, the conversion of various biomass types to LA will be studied. 
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Chapter 3 
Chemical reactions of levulinic acid 
3 Chemical reactions of levulinic acid  
3.1 Levulinic acid like a versatile intermediate 
 
LA is one of the most recognized building blocks available from carbohydrates (and has attracted 
interest from a number of large chemical industry firms), and for that reason, has frequently been 
suggested as a starting material for a wide number of compounds.  
The worldwide market LA, at a price of $ 1-2 per kilo, has been estimated to be about only half a 
million kilograms. The key to an increased potential marketability for LA is the wide range of 
derivatives possible starting from this platform chemical.  
In fact, Levulinic acid is a valuable platform chemical due to the presence of two highly reactive 
functional groups that allow a great number of synthetic transformations and it can react both as a 
carboxylic acid and as a ketone.  
The carbon atom of the carbonyl group is usually more susceptible to nucleophilic attack than the 
carboxylic group.  
Due to the spatial relationship of the carboxylic and ketone groups, many of the reactions proceed, 
with cyclisation, to form heterocyclic type molecules (for example methyltetrahydrofuran).  
Therefore, there are various types of reaction involving the different functional groups 
transformation: 
 
• Reactions involving carboxylic group (paragraph 3.1.1) 
• Reactions involving carbonyl group (paragraph 3.1.2) 
• Reactions involving methyl group (paragraph 3.1.3) 
• Oxidation reactions (paragraph 3.1.4)  
• Reduction reactions (paragraph 3.1.5) 
 
LA has various valuable derivatives [1, 2] and their applications have been extensively reviewed [3-
6]. In this overview, a number of interesting chemical reactions of LA will be provided.  
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Figure 3.1: Levulinic Acid as a platform chemical 
 
The family of compounds available from LA is quite broad, and addresses a number of large 
volume chemical markets. The conversion of LA to methyltetrahydrofuran (MeTHF) and to various 
levulinate esters addresses to fuel markets as gasoline and biodiesel additives, respectively.  
Delta amino levulinic acid (DALA) is a herbicide and an intermediate in its production,  
β-acetylacrylic acid, could be used in the production of new acrylic polymers. 
Diphenolic acid (DPA) is of particular interest because it can serve as a replacement for bisphenol 
A in the production of polycarbonates.  
New technology also suggests that LA could be used for production of acrylic acid via oxidative 
processes.  
Greater impact could be realized by focusing efforts on the conversion of LA to give various 
derivatives. Of particular interest, there are processes to facilitate selective oxidation of LA to 
succinic (SA) and acrylic acid, focusing on the use of simple oxidants such as oxygen or peroxides. 
Complete reduction of SA leads to 1,4-butanediol (BDO), which could be used for production of 
new polyesters. Production of LA derived lactones offers the opportunity to enter a large solvent 
market, as these materials could be converted into analogous of N-methylpyrrolidinone.   
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The technical barriers for this building block include improvement of the process for LA production 
itself. However, this process has been studied, and the LA yield is around 70%.  
Determination of the way of increasing this yield through more selective dehydration processes and 
an effort in developing new catalysts to facilitate this conversion could be useful.  
Finally, the development of diphenolic acid as a bisphenol A replacement, and the investigation of 
the properties of the resulting polymers will provide a body of information for potential industrial 
partners interested in using the technology for the development of new products. 
LA offers one of the largest families of potential industrial derivatives among the compounds 
included in the top 10. Its low cost and ready availability from both 5-carbon and 6-carbon sugars 
suggests that it could be a building block of central importance within the biorefinery. 
It appears very interesting for its various potential uses: it can be used as solvent, antifreeze, as 
starting material for polymers and pharmaceutical compounds and its ester, ethyl levulinate, can be 
used as oxygenate additive for diesel fuels.  
In particular, LA can be hydrogenated to give γ-valerolactone, a sustainable liquid for the 
production of energy and chemicals. Selective reduction of LA to γ-valerolactone  and 
methyltetrahydrofuran will improve the access to large volume fuel markets.  
The reaction of LA, classified for functional groups, will be illustrated in details in next paragraphs. 
 
 
3.1.1 Reactions involving the carboxylic group  
 
The most important reaction involving the carboxylic group is the esterification reaction of levulinic 
acid to give various esters. Typical catalysts used in this reaction are homogeneous acids like 
sulphuric and phosphoric acid [7, 8]. In 2007 a new method has been patented that involves the 
esterification of levulinic acid with an organic alcohol in a reactive-extraction mode. Here, the 
organic alcohol phase acts both as the esterifying agent and the extractant phase [9].  
+       ROH H
+
O
O
OR
O
O
OH
- H2O
 
 
Figure 3.2: Esterification of LA 
 
Ethyl levulinate is the most important levulinate ester. It can be used as an oxygenate additive: a 
Tecaxo and Biofine Inc. research showed that a mixture of 20% ethyl levulinate, 1% of co-additive 
and 79 % diesel can be used in regular diesel engines [10]. Ethyl levulinate and the other esters 
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derived from alcohols with low boiling point have optimum fruit smells, therefore they are also 
used in the flavouring and fragrance industries. Some esters are used in vinyl polymerization: vinyl 
levulinate is used in vinyl chloride (VCM) co-polymerization. 
Levulinate esters from high molecular weight alcohols are used as plasticizer for cellulose plastics 
[11-13] and they can replace kerosene as a fuel for the direct firing of gas turbines [14].  
 
 
3.1.2 Reactions involving the carbonyl group  
 
An important reaction of levulinic acid is the nucleophilic additions to the carbonyl group. 
Reactions of LA with nitrogen-containing nucleophiles give either amides (1) or the 
cyclodehydration products of the amides, depending on whether the carboxyl group of LA is 
protected or not [15, 16] (see Figure 3.3). The amides formed by the reaction of LA with various 
amines are attractive because of their biological activity.. 
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Figure 3.3: Reductive ammination of LA 
 
In the presence of a metal catalyst and hydrogen gas, LA can react with ammonia or ammonium 
hydroxide to give 5-methyl-2-pyrrolidone (2) [17], which is a useful intermediate for the 
pharmaceutical industry. 
A typical reaction of carbonyl group is the acid-catalysed condensation with aromatic or 
heterocyclic alcohols to give 4,4-diaryl-substituted valeric acids [18-20].  
An example is diphenolic acid (or 4,4-bis-(4’-hydroxyphenyl)pentanoic acid, DPA, see Figure 3.4) 
synthesized by nucleophilic addiction of phenol to LA. DPA is used in the production of various 
polymers [21-24], lubricants [25], fire-retardant materials [26] and paints [20]. It can also 
copolymerise with bisphenol A (BPA) [27] or directly replaces BPA in the production of 
polycarbonates, epoxy resins and other polymers [6, 28, 29]. In contrast to BPA, diphenolic acid 
contains a carboxyl group, which offers more functionality in the polymer synthesis. A recent study 
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has estimated that diphenolic acid could capture a market of 4.5×104 tons year-1 as a BPA 
replacement and also another 2.3×103 tons year-1 as a coating material [6]. 
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Figure 3.4: Preparation of di-phenolic acid (DPA) 
 
 
3.1.3 Reactions involving the methyl group  
 
A typical reaction of LA methyl group is the halogenation with chloride and bromide.  By the 
bromination of LA in methanol [30, 31] (see Figure 3.5)  is obtained an important alogenated 
intermediate: 5-bromolevulinic acid, that is a fundamental precursor for δ-aminolevulinic acid 
(DALA). The latter is an active ingredient of a biodegradable herbicide and in the pharmaceutical 
industry; DALA has also been used in limited quantities as an active component in photodynamic 
cancer treatment [32].  
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Figure 3.5: Bromination of LA 
 
DALA (see Figure 3.6) is prepared by reacting 5-bromolevulinic acid with nitrogen-containing 
nucleophiles, such as sodium azide [31], potassium phtalimide [33] or sodium diformylamide [34]. 
With this nucleophile, DALA was obtained in high yields (> 80 mol %) and purity (> 90%) [35]. 
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Figure 3.6: Synthesis of DALA 
 
 
3.1.4 Oxidation reactions 
 
LA can be oxidised to five various interesting derivatives: the chemoselectivity is highly depending 
on the type of oxidant. The most important product is succinic acid, obtained by high-temperature 
(365–390 °C) oxidation with V2O5 catalyst [36].  
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Figure 3.7: Oxidation of LA to succinic acid 
 
Succinic acid (1,4-butanedioic acid) is a versatile intermediate (see Figure 3.8) with lots of uses and 
reactions [37, 38].  
Gamma-butyrolactone (GBL) is an intermediate for agrochemicals and pharmaceuticals [28] and is 
obtained by hydrogenation of succinic acid. 1,4-butanediol (BDO) is a an optimum starting material 
for the production of important polymers such as polyesters, polyurethanes and polyethers [39].  
A major BDO-based polymer is polybutylene terephthalate, which is mainly used for engineering 
plastics, fibers, films and adhesives.  
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Other relevant BDO applications are in the synthesis of tetrahydrofuran (THF), which is obtained 
by homogeneous dehydration of BDO. 
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Figure 3.8: Important derivatives of succinic acid 
 
THF is a solvent for poly-(vinyl chloride) (PVC) and it is used as a monomer in the manufacture of 
polytetramethylene glycol, which is used as an intermediate for Spandex fibers and polyurethanes.  
 
 
3.1.5 Reduction reactions 
 
LA and its esters may be reduced by catalytic hydrogenation to γ-valerolactone (GVL, Figure 3.9). 
The conversion to lactone involves hydrogenation followed by intramolecular cyclisation, with the 
loss of water or corresponding alcohol. GVL is an important precursor for biomass-derived acrylic 
monomers and also valuable fuel additive for energy. It is also used in perfumes and food 
industries, as solvent for lacquers, insecticides, adhesives [40]. GVL is employed in polymer 
synthesis for the bio-nylon preparation [41]. 
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Figure 3.9: Reduction of levulinic acid and ester to GVL  
 
For the LA hydrogenation reaction are employed homogeneous and heterogeneous catalysts.  
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The most used heterogeneous systems are platinum, ruthenium, rhenium, copper, rhodium, iridium 
and palladium catalysts [42-53]. The most studied homogeneous catalysts are ruthenium and 
rhodium systems [54-59].  
GVL may be converted to a number of interesting derivatives. Three examples are provided in 
figure 3.10.  
O
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OMP
GVL
MeTHFMGVL  
Figure 3.10: Examples of interesting derivatives from GVL  
 
A very important derivative of GVL is MeTHF, a potential fuel additive. It is obtained by catalytic 
hydrogenation of GVL (Figure 3.11). 
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Figure 3.11: Reduction of GVL to MeTHF 
 
It could be mixed with traditional fuel also in 70 % V/V without negatively influencing on engine 
efficiency. Its octane number is 87, equal to a normal fuel and this mixture is concordant to new 
EPA indications (higher oxygen level in fuel and lower Reid vapour pressure).  
MeTHF has potential as a gasoline oxigenate and has a predicted [6] market potential as high as 
2.6×105 m3 year-1. Yields as high as 83 mol % (63 wt %) were reported [60, 61].  
 
The reaction with GVL and formaldehyde leads to α-methylene-γ-valerolactone (MGVL).  
MGVL is an attractive, new, acrylic monomer that has been known for a number of years [62, 63] 
and has been of interest due to its similarity in structure to methyl-methacrylate (MMA, see figure 
3.12).  
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By incorporating the lactone structure into the polymeric chain, the glass transition temperature of 
the homopolymer is over 100 °C higher than that of poly-methyl methacrylate and MGVL imparts 
high thermal stability to polymers.  
 
O
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Figure 3.12: α-methylene-γ-valerolactone (MGVL) and methylmethacrilate (MMA) 
 
However, a commercially attractive synthesis has not been available. It was first made by the 
reaction of γ-valerolactone with sodium in dry ether followed by reaction with ethyl formate. 
Although the yield was respectable the process was not well suited to large scale, because is not a 
low cost production.  
The absence of an economically attractive catalytic process for its preparation has prevented 
commercial development. Previous methods have used stoichiometric, expensive reagents.  
Recently Manzer reported  [50] a two-step process for MGVL synthesis from a biomass-derived 
starting material, levulinic acid.  
The first step is a high yield hydrogenation of levulinic acid to γ-valerolactone (GVL) in nearly 
quantitative yield using a Ru/C catalyst.  
The second step is a heterogeneous, gas phase catalytic condensation of formaldehyde with GVL 
over basic catalysts, prepared from Group 1 and 2 metal salts on silica.  
Whereas the reaction is very selective to lactone derivatives, the process suffers form rapid catalyst 
deactivation, however regeneration can be accomplished under relatively mild conditions.  
Although an isomer of the desired product is highly favoured over a wide temperature range, proper 
choice of catalyst gives the thermodynamically unfavourable, yet desirable product in very high 
yield. 
Another interesting option is ring-opening of GVL with methanol followed by dehydration to 
produce methylpentenoate (MP).  
This compound may be converted by hydroformylation, hydrocyanation or hydroxycarbonylation to 
caprolactone, caprolactam and adipic acid, respectively [41]. 
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3.2 Levulinic acid reduction to γ-valerolactone 
 
3.2.1 γ-valerolactone as a sustainable liquid 
 
Horváth and co-workers, from István Eötvös University (Budapest) recently demonstrated that γ-
valerolactone (GVL) exhibits very attractive physical and chemicals properties and could be 
considered as a sustainable liquid [40].  
Some of the most important characteristics of an ideal sustainable liquid include: the possibility to 
use it for the production of both energy or carbon-based consumer products, to be renewable, easy 
and safe to store and move globally in large quantities, having a low melting point, high boiling and 
flash points, a definitive but acceptable smell for easy recognition of leaks and spills, low or no 
toxicity, and some solubility in water to assist biodegradation.  
The vapour pressure should be as low as possible to minimize emission. Because of the aqueous 
and aerobic nature of the environment, it should not react with water and oxygen under ambient 
conditions.  
It is also important to recognize that the use of a single chemical entity as a sustainable liquid, 
instead of a mixture of compounds, could significantly simplify its worldwide monitoring and 
regulation.  
GVL is renewable, easy and safe to store and move globally in large quantities, has low melting  
(-31 °C), high boiling (207 °C) and open cup flash (96 °C) points, a definitive but acceptable smell 
[64] for easy recognition of leaks and spills, and is miscible with water, assisting biodegradation.  
Some of the known physical properties of GVL could make it an excellent candidate to use it a 
sustainable liquid.  
A fundamental parameter for controlling VOC emission in general is the temperature vapour 
pressure.  
It has been shown that its vapour pressure is remarkably low, even at higher temperatures  
(3.5 kPa at 80 °C, see figure 3.13).  
In comparison to other oxygenates,  potential sustainable liquids, such as methanol, ethanol,  
methyl-t-buthyl ether (MTBE), ethyl-t-buthyl ether (ETBE) [65, 66], it appears that GVL has 
significantly lower vapour pressure. 
On the other hand, the possibility that GVL hydrolyzes to gamma-hydroxypentanoic acid under 
neutral conditions could results in corrosion problems during storage and transportation equipments.   
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Figure 3.13: Temperature dependant vapour pressure of MeOH, EtOH, MTBE, ETBE, GVL [40] 
 
Horváth has demonstrated, by treating GVL with an equal amount of 95 % 18O-labeled water, that 
GVL does not incorporate the 18O isotopes after 3 months at room temperature and after 28 days at 
60 °C. In contrast, after the addition of acid (HCl) the incorporation of one or two 18O-isotopes to 
GVL was observed, as expected. GVL does not form a measurable amount of peroxides in a glass 
flask under air in weeks, making it a safe material for large scale use. Comparative evaluation of 
GVL and ethanol as fuel additives, performed on a mixture of 10 v/v% GVL or EtOH and 90 v/v% 
95-octane gasoline, shows very similar properties.  
Since GVL does not form an azeotrope with water, the latter can be readily removed by distillation, 
resulting in a less energy demanding process for the production of GVL than that of absolute 
ethanol. Finally, it is also important to recognize that the use of a single chemical entity, such as 
GVL, as a sustainable liquid instead of a mixture of compounds, could significantly simplify its 
worldwide monitoring and regulation. 
Horváth demonstrated that γ-valerolactone is a very good sustainable liquid for global 
storage/transportation and a renewable hydrocarbon resource for energy and carbon-based 
consumer products.  
GVL is a naturally occurring chemical in fruits and a frequently used food additive, it exhibits the 
most important characteristics of an ideal sustainable liquid, which could be used for the production 
of both energy and carbon-based consumer products for the chemical industry, provided it could be 
efficiently produced from biomass, preferentially ligno-cellulose [67].  
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Figure 3.14: Steps from biomass to fine-chemicals 
 
 
3.2.2 Heterogeneous catalytic systems 
 
The most used heterogeneous systems are platinum, ruthenium, rhenium, copper, rhodium, iridium 
and palladium catalysts [42-53].  
Schuette hydrogenated [42] LA using a platinum oxide catalyst to give GVL with high yield. The 
reaction was carried out at low hydrogen pressure (2.3 – 3 atm) and long reaction time (44 hours) 
and the substrate is solved in one of the three common solvent (ethyl ether, ethyl acohol and acetic 
acid).  
The best yield of lactone (87 %), based upon the quantity of levulinic acid reduced, was obtained 
when ethyl ether was employed as solvent. When ethyl alcohol and acetic acid were in turn 
employed as solvents, the obtained yields proved to be 52 % and 48 % respectively.  
Schuette has shown that the levulinic acid reduction reaction proceeds in its initial stages 
approximately 3.5 times more fast in diethyl ether solution than when it is dissolved in ethyl alcohol, 
and 4.5 times as fast as in acetic acid.  
This statement was based on the observation that a reaction takes place between the acid and the 
solvent. When reduction is carried out in the presence of ethyl alcohol it was evident by the 
formation of some, as yet unidentified ester. Glacial acetic acid is apparently inert in this respect 
since only the lactone and unreduced levulinic acid were found in the flask when the reaction had 
come to equilibrium.  
The superiority of diethyl ether over ethanol and acetic acid in this reduction lies not only in the 
production of larger yields of valerolactone, but also in the ease and certainty with which, because 
of marked differences in vapour pressure, solvent and reaction product can be separated. 
The main drawback of this method was the very long reaction time (50 hours) not suitable for any 
industrial application. 
This study has underlined that temperatures upper than 150 °C were not appropriate because of the 
reagent and product thermal degradation, that caused lower yields and it also required complex 
purification systems. 
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The discovery that levulinic acid readily may be converted to its hydrogenated derivative (γ-
hydroxy-n-valeric acid) in the presence of platinum catalyst and hydrogen, logically leaded to a 
study of the behavior of LA esters under similar conditions.  
In fact, Schuette and co-worker also studied the hydrogenation of certain alkyl esters of levulinic 
acid in the presence of platinum catalyst [43]. The resulting products of the reaction were the esters 
of γ-hydroxy-valeric acid, that decompounded to GVL and the corresponding alcohol by heating of 
reaction mixture. 
Two series of hydrogenations of the methyl, ethyl, n- and isopropyl, and n- and isobutyl esters of 
levulinic acid were carried out with portions of the same preparation of catalyst (platinum oxide) 
used for the reduction of LA, operating with hydrogen under a pressure from two to three 
atmospheres and at a temperature of 22-24 ° C.  
No solvent was employed in one series of experiments whereas the other was carried out in the 
presence of diethyl ether since it had previously been found to be very satisfactory when 
hydrogenating the parent acid of these esters [42].  
It has also been observed that the rate at which these alkyl esters absorbed hydrogen under the 
influence of the platinum catalyst standed in an inverse ratio to the size of the alcohol residue which 
they contained, an ester of a branched chain alcohol hydrogenating slower than its corresponding 
straight chain compound.   
The relative rates of reaction for each series of hydrogenations were the same both in the presence 
and in the absence of a solvent, but in general the reaction proceeded much more satisfactorily in 
the presence of diethyl ether than without it. Attention was also called to the fact that in the first 
series of hydrogenations the reduction curve for the ethyl ester rised above the point corresponding 
to complete conversion of the carbonyl group to secondary alcohol, or 0.25 mole of hydrogen. This 
would indicated that there was some tendency for the reaction to proceed to complete 
hydrogenation of the carbonyl group. 
There appeared to be a slight tendency for the reaction to proceed to complete hydrogenation of the 
ketone group. 
 
Elevated temperatures (175-200 °C) have been employed for copper cromite, copper oxide, 
Cu/MgO [44-46] and Nickel Raney catalysts [47], when catalytic reduction of levulinic acid to γ-
valerolactone and 1,4-pentanediol was studied in the early war period as a source for pentadiene.  
Availability of the diol led to the condensation with acrylonitrile and the catalytic reduction of the 
resulting cyanoethoxy derivative to the corresponding diamine.  
Chapter 3: Chemical reactions of levulinic acid 
 - 56 - 
From the diamine a series of salts was prepared for investigation as possible linear polymer 
intermediates or surface active agents. 
Horace D. Brown studied LA catalytic hyodrogenation to GVL in the neat liquid phase with a 
Raney Nickel catalyst: satisfactory reduction rates were obtained with initial hydrogen pressures of 
35 atmospheres or above and temperatures of 175-200 °C [44-47].  
The charge consisted of 580 g (5 moles) of purified levulinic acid and 15 g of Raney nickel. 
Hydrogen was introduced to an initial pressure of 50 atmospheres.  The reduction started at about 
100 °C  and was complete after three hours. The maximum temperature reached was 220 °C. 
Separation of the catalyst and distillation of the reaction mixture gave 471 grams (94 % yield) of γ-
valerolactone. Changing to a copper-chromite catalyst (copper chromium oxide) produced a 
complex mixture of GVL, 1,4 pentandiol and methyltetrahydrofuran. 
Later, Broadbent and co-workers proposed rhenium catalysts (Rhenium black, Re (IV) oxide 
hydrate) for the hydrogenation of LA to GVL [48].  
The hydrogenation catalytic activity of some rhenium “blacks” obtained by the reduction of 
commercially available rhenium heptoxide has been examined.  
The catalysts were prepared by hydrogenation of the heptoxide rhenium precursor in a solvent prior 
to the addition of the reducible substrate (ex situ), or in the presence of the substrate subsequently 
and/or simultaneously being reduced (in situ). These rhenium “blacks” have been shown to be 
effective catalysts for the hydrogenation of the carboxylic acids to alcohols. They promoted the 
conversion with a wide variety of acids as substrates at 150-250 °C (usually 160 °C), 150-200 
hydrogen atmospheres in a few hours, giving excellent yields of alcohols accompanied occasionally 
by ester by-product. Unreduced acid rarely survives.  
The levulinic acid hydrogenation reaction has been carried out at 106 °C and 150 hydrogen 
atmospheres; the amount of catalyst used was 1 g of Rhenium for mol of levulinic acid. 
The yield obtained after a reaction time of 18 hours is 71 % of GVL and 29 % of polymeric esters 
as by-products.  
 
In 1999, a new process which employed lots of ruthenium carbon supported systems at 10 % w/w 
has been patented [49].  
The reaction temperature was 120 °C, the pressure 100 atmospheres and the reaction media was 1,4 
dioxane. In the same patent catalytic bi-metallic systems such as Ni/Re, Re/Pd, Ru/Ni were also 
adopted, and at high reaction temperature between 150 and 250 °C were employed. 
More recently, Manzer studied the performances of a wide series of metals of Group VIII charcoal 
supported catalysts with a metal load of 5% in weight. 
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The reactions were carried out on a 50 % solution of  levulinic acid in 1,4-dioxane as reaction 
media [50, 51].  The reactions were conducted in small, batch autoclaves at a temperature of 150°C 
for 2 hours using a hydrogen pressure of 60 atmospheres.  
Whereas high conversion of the levulinic acid was readily achieved with most of the metals, Ru was 
clearly the most selective metal. Ir, Rh and Pd were also active catalysts but the selectivity to GVL 
was lower under the screening conditions.  
When the Ruthenium on charcoal catalyst was employed, at the reaction conditions of low 
hydrogen pressures (35 < P < 60 atm) and high process temperatures (150 < T < 220 °C) very 
remarkable conversion values were attained.  
If the reaction time in the batch autoclave was increased to 4 hours, almost complete levulinic acid 
conversions (until 100 %), were obtained. On the other side, the selectivity wasn’t complete to GVL 
(97 % mol, obtained by-products were not specified in the work). 
All the processes described before are not environmentally benign, because a harmful and corrosive 
solvent is used in the process, such as 1,4-dioxane. 
 
Recently, green solvent, such as water and supercritical CO2, were employed as the reaction and 
separation media for the hydrogenation of LA to GVL.  
In fact, Manzer also patented the continuous hydrogenation of LA to GVL in supercritical CO2 [52]. 
GVL is a liquid but LA is a solid (m.p. 33-35 °C) which had to be pumped into the reactor 
dissolved in 1,4-dioxane. At the end of the reaction the GVL had to be separated from the dioxane 
solvent, the H2O produced in the reaction and any unreacted LA, processes which are potentially 
energy intensive.  
A variety of conditions were reported but ca. 98 % conversion could be achieved with a tubular 
reactor at 200 °C and 20 atmospheres with a 20 % excess of H2 over a 5% Ru on Al2O3 catalyst. 
 
The use of water as reaction medium would greatly contribute to the development of 
environmentally friendly process and could offer the possibility to deliver the feedstock to the 
reaction system. Indeed, industry prefers to use water as a solvent rather than toxic organic solvents.  
Poliakoff et al. [53] have found that the 1,4-dioxane used by Manzer can be replaced by water. In 
fact, they showed that water in combination with sCO2 may also be used as the reaction medium. 
They worked at lower pressure (10 atm) but with higher LA concentration and larger hydrogen 
excess respect LA used. They demonstrated that, using water as co-solvent in supercritical CO2 
(scCO2), LA can be converted to GVL with a high yield of more 99 %. After reaction, the sCO2 
layer is enriched with GVL and may easily be recovered from the reaction mixture. 
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However, until now, an effective process for LA selective hydrogenation to GVL, using only water 
as solvent, has not been reported yet in the literature. 
 
 
3.2.3 Homogeneous catalytic systems 
 
The most studied homogeneous catalysts are ruthenium and rhodium systems [54-58]. Both 
Ruthenium and Rhodium complexes catalyzed hydrogenation of LA at low temperature (60 °C) in 
aqueous solution [54-55]. GVL was also produced from LA with a yield of 85-100 % using 
ruthenium iodocarbonyl complexes [56-58].  
Ruthenium triphenylposphine complexes gave a conversion of 99 % and an yield of 86 % on GVL 
in toluene solution [57]. The keto acids, such as levulinic acid, o-acetyl benzoic acid, and 3-benzoyl 
propionic acid reacted with RuH2(PPh3)4 (1) to afford triphenylphosphineruthenium hydride 
complex [RuH(OCOCH2CH2COCH3)(PPh3)3] (2) with 3-acyl propionate or 2-acyl benzoate ligands 
(see figure 3.14). 
 
RuH2(PPh3)4     + +      H2PPh3
O
O
O
RuH(PPh3)3
(1)
O
O
OH
(2)
 
 
Figure 3.15: LA reaction with Ruthenium phosphine to form the catalytic complex [57] 
 
The reactions of complex with hydrogen at elevated pressure gave the corresponding γ-lactones 
with yields relatively high. Levulinic acid is catalytically hydrogenated to form GVL using 
ruthenium complexes as catalyst, since these keto acids were also converted to gamma-lactones 
through the formation of the complexes (shown in figure 3.15) and its reactions with hydrogen. 
It was revealed that both RuCl2(PPh3)3 and RuH2(PPh3)4 catalyzed hydrogenation of levulinic acid 
with high yields: 86 and 40 % respectively. The reaction was carried out in a toluene solution with 
0.5 mol % of catalyst for 45-50 mmol of substrate, initial hydrogen pressure of 12 atm and 
temperature of 180 °C for a reaction time of 24 h.  
Recently, in 2008 Horvath and co-worker studied a multi-step process from sucrose to levulinic 
acid and its hydrogenation to GVL, 1,4-pentandiol, 2-Me-THF [59]. Levulinic acid was produced 
from sucrose degradation dissolved in water with the catalytic system Ru(acac)3 and TPPTS 
((3,3′,3′′-Phosphinidynetris(benzenesulfonic acid) trisodium salt). The reduction reaction was 
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carried out at 140 °C for 12 hours and with a hydrogen pressure of 70 atmospheres. The GVL yield 
obtained was 95 %.  
Full conversion of substrate to GVL was been reached when are employed the catalytic system Ru 
(acac)3, PBu3 and NH4PF6 and the reaction was carried out with high pressure (140 atmospheres) at 
135 °C for 8 hours. 
All these homogeneous systems, used in hydrogenation reaction, were very soluble in reaction 
media, very active, but they were not sustainable in an application point of view because of the 
complexity of catalyst recovery and products purification systems.  
 
 
3.2.4 Levulinic acid reduction with formic acid as hydrogen donor 
 
Although most hydrogenations have been performed with molecular hydrogen, transfer 
hydrogenations using formic acid or a derivative have also been reported for both homogeneous and 
heterogeneous catalyst systems.  
For instance, Haan [68] demonstrated the hydrogenation of LA or ethyl levulinate to GVL using 
formic acid as the hydrogen donor with a variety of heterogeneous catalysts (e.g. Ni/Pt on silica, 
Re/Pt on silica, Ni). The reactions are typically carried out in the gas phase at 200–350 °C and 
pressures between 1–10 atmospheres.  
The highest GVL yield (81 mol %) was obtained using ethyl levulinate as the substrate, a 
commercial Ni catalyst at 250 °C and a WHSV of 1.1 g substrate/(g cat.h). Horvàth [59] applied a 
homogeneous Ru compound [(η6-C6Me6)Ru(bpy)(H2O)][SO4] in water for the transfer 
hydrogenation of LA using formic acid as the hydrogen donor. Both GVL and 1,4-pentanediol were 
obtained in 25 % molar yield. 
 
Both the heterogeneous and homogeneous catalysts widely illustrated before presented big 
disadvantages for their industrial applications. For this reason, the lacking of a “green” and effective 
process droved this thesis work to the study of new efficient catalytic systems for the LA 
hydrogenation to GVL. 
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Chapter 4 
Levulinic acid from waste biomasses 
4 Levulinic acid from waste biomasses 
4.1 Introduction 
 
As clearly illustrated in previous chapters, the research of new, alternative and renewable sources 
that could replace the fossil ones appears extremely interesting. 
Lignocellulosic biomass, hitherto underutilized, can be converted by acid hydrothermal treatment 
into value added chemicals [1-3]. 
With an annual production of up to 1.7-2×1011 tons, biomasses have been identified as a 
fundamental source, but only 6×109 tons of biomasses are currently used for food and non-food 
applications [4].  
A substantial amount of research is currently carried out worldwide to identify attractive chemical 
transformations to convert biomass into organic (bulk) chemicals.  
Examples are the production of bioethanol or of organic acids from biomass-based sugars through 
fermentation or thermo chemical processes. A well known example is lactic acid, which is easily 
converted to polylactic acid, a green polymer with very interesting applications.  
Part of the research activities of this thesis work involve the acid-catalysed decomposition of 
lignocellulosic and waste biomasses into valuable chemicals like levulinic acid (LA) by acid 
treatment at relatively mild conditions.  
Levulinic acid contains a ketone group and a carboxylic acid moiety.  
These two functional groups make levulinic acid a potentially versatile building block for the 
synthesis of various organic (bulk) chemicals (as shown in Figure 4.1) and make it one of the 
United States Department of Energy’s (DOE’s) top 12 bio-derived feedstocks [5-9].  
For instance, 2-methyltetrahydrofuran and various levulinate esters may be used as gasoline and 
biodiesel additives, respectively. δ-aminolevulinate is a known herbicide, and the bisphenol 
derivative may be an interesting substitute for bisphenol A [10, 11].  
In spite of its great potential as a basic chemical, LA has never been produced in a significant 
volume. The reason is probably that LA production was mainly studied in the early 1950’s, when 
expensive precursors were employed, the yields were low and the equipment for separation and 
purification was lacking [12].  
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Figure 4.1: Levulinic Acid as a platform chemical 
 
Today, lower raw material costs, such as new or waste biomasses, and the advances in science and 
technology give promising reason to reconsider the industrial potential of levulinic acid.  
LA is obtained by hydrothermal conversion of biomass using an acid catalyst: a schematic 
conversion pathway is shown in Figure 4.2.  
 
 
 
Figure 4.2: Biomass conversion to platform chemicals 
 
Cellulose, through acid catalyzed degradation, depolymerizes to glucose which is decomposed to  
5-hydroxymethyl-2-furaldehyde (HMF) and then to LA and formic acid.  
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The hemicellulose is constituted in C6 and C5 sugars fraction. The hexoses are converted to HMF 
and to levulinic acid while the pentoses can be hydrolyzed to furaldehyde that is a very interesting 
chemical intermediate too.  
The lignin can be converted in very interesting aromatic commercial products, such as vanillin, 
catechols, resins, phenols.   
 
A wide variety of biomass sources is available for further conversion and utilisation. Selection of 
the biomass feedstock is of paramount importance from both techno- and socio-economical points 
of view. For ethical reasons (and also economical), the biomass feedstock should not compete with 
the food chain. Waste streams with a low or even negative value, such as agricultural wastes are 
preferred. Furthermore, it is also advantageous to select sources that are not prone to diseases, only 
require a limited amount of fertiliser, have a high growth rate per ha per year and are preferably 
available throughout the year.  
The biomasses used as starting materials for this thesis work were chosen on the basis of the above 
criteria.  
In this context, the acid hydrothermal conversion of hexoses from many renewable resources to LA, 
has been studied. Many model precursors such as glucose, sucrose, cellulose and also cheap 
biomass materials such as wood sawdust, tobacco chops, paper sludge, agricultural wastes and 
biomasses from dedicated crops have been studied to produce LA and they will be widely 
illustrated.  
In this chapter, the attention will be focused on waste materials conversion, whereas catalytic 
conversion of dedicated crops will be described in next chapter.  
All the raw materials employed in this study were air-dried and milled to produce particles with the 
size of less than 0.5 mm and deionised water was applied to prepare the various slurries. 
 
 
4.2 Levulinic acid production from tobacco chops 
 
The experiments of this study started from a negative value material like tobacco chops, residue 
from the processing of tobacco leaf for cigarettes production. Tobacco chops are considered as a 
waste material so, their employment in the levulinic acid production, will make the process very 
economical and, furthermore, it makes possible to reduce the waste disposal in respect of the 
traditional production process. 
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This initial screening started from the patents based on the Biofine technology where the synthesis 
of LA from biomasses was widely studied [15].  
Thus, first runs series, reported in table 4.1, were performed likewise the already mentioned Biofine 
technology.  
Every run was carried out as follows: the autoclave was charged with feedstock, acid and water 
(each quantity is reported in table 4.1) and pressurized with 30 nitrogen atmospheres in order to 
maintain the reaction mixture in liquid phase also at high temperature. The reaction was performed 
for thirty minutes at 200 °C. It is important to note that the reaction time was calculated from the 
moment when the inner reactor temperature, measured with an internal thermocouple, reached the 
requested value. The reactions were not carried out for longer reaction times because lots of the 
references illustrated in chapter 2 suggested that, if the reaction time was too long, the yield went 
down again as the result of side reaction of levulinic acid. 
After the reaction time, the autoclave was rapidly cooled and degassed; the reaction mixture was 
analyzed via GC using THF as internal standard (see experimental section).  
In last four columns of table 4.1 the LA yields were reported in four different ways. They are 
respectively  
 
• LA total weight obtained; 
• LA ponderal yield calculated on the weight of feedstock; 
LA Yield wt. % =  Mass of LA/Mass of feedstock ·100 
 
• LA yield percent, calculated on the basis of cellulose %content  (XCell) in the feedstock; 
LA Yield % =  Mass of LA/Mass of feedstock · XCell 
 
• Percent on LA theoretical yield.  
 
Since the maximum theoretical yield of LA from hexoses and from cellulose is 64.5 wt % and 71.5 
wt % respectively, due to the co-production of formic acid, the LA theoretical yield was calculated 
considering the cellulose percent of feedstock and the maximum theoretical yield of  71,5 % wt. 
Thus, in last column of the tables, LA yield percent on theoretical maximum value, defined as the 
ratio between obtained LA and LA theoretical weight, was reported. 
Percent on LA theoretical Yield  =  Mass of LA/Mass of feedstock ·XCell · 0.715 ·100 
 
In the up to now published or patented researches LA yields up to two thirds of the theoretical yield  
have been claimed [5].  In fact the yield values are lowered by the formation of the already 
mentioned humins, which can cause the clogging of the reactor (see figure 4.3). 
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Figure 4.3: Cellulose degradation to levulinic acid  
 
The following runs, reported in table 4.1,  were performed employing tobacco chops powder as 
feedstock. The cellulose content, measured by external laboratory Chelab, was 25 % w/w.  
The first run, T1 (table 4.1), was carried out on 7 grams of raw biomass, in a 24 ml of a solution 
0.25 M of sulphuric acid. The reported yield of levulinic acid was very low (only 1.6 % of 
theoretical obtainable quantity) in these conditions.  
 
Run Feedstock 
(g) 
Water 
(ml) 
 H2SO4
(M) 
 P(N2)
(atm)
T (°C) t (h) LA
(g) 
YLA a 
(% wt.) 
YLAb 
(%) 
tYLA c 
(%) 
T1 5 24 0.25 30 200 0.5 0.014 0.3 1.1 1.6 
T2 3.5 24 0.25 30 200 0.5 0.024 0.7 2.7 3.8 
T3 1.75 24 0.25 30 200 0.5 0.053 3 12 16.9 
T4 1.75 24 0.25 30 210 0.5 0.019 1.1 4.3 6.1 
T5 1.75 24 0.25 30 215 0.5 0.014 0.8 3.2 4.6 
T6 1.75 24 0.25 30 220 0.5 0.010 0.6 2.3 3.1 
T7 1.75 24 0.25 30 190 0.5 0.043 2.5 9.8 13.8 
T8 1.75 24 0.25 30 180 0.5 0.029 1.7 6.6 9.2 
Reaction conditions:  
Substrate: tobacco chops (cellulose content 25 %), Catalysts: Sulphuric acid; Solvent: Water; N2: 30 atm 
a: LA ponderal yield  
b: LA yield calculated on biomass cellulose content 
c: LA yield percent on theoretical value 
 
Table 4.1: Tobacco chops hydrolysis to LA with sulphuric acid the effect of temperature 
 
Since the water amount was demonstrated to be effective on hydrolysis efficacy, run T2 (see table 
4.1) was carried out with the lower quantity of 3.5 grams of tobacco chops, in order to double the 
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employed water amount in respect of the previous run. In these conditions, after 30 minutes of 
hydrolysis at 200 °C, a little higher LA yield was ascertained, but the levulinic acid obtained was 
only the 3.8 % of the maximum theoretical obtainable value. 
Run T2 was replicated by again halving the feedstock amount, in the presence of the same amount 
of acid and water (see run T3, table 4.1). These last resulted the best hydrolysis conditions and a 
yield increase was achieved, but the obtained LA quantity remained still low (only 0,03 grams of 
levulinic acid). In summary, the first three runs were carried out using various initial intakes 
(feedstock/water ratio weight percent) of biomass (17, 12.5 and 6.7 wt % for runs T1, T2 and T3 
respectively) at temperature of 200 °C and adopting an acid concentration 0.25 M.  
 
In figure 4.4 the levulinic acid yield in function of the initial intake were reported. It appeared 
evident from the graphic that the initial intake of biomass has a significant effect on the yield of LA: 
lower intakes of biomass resulted in higher LA yields. These findings were in agreement with 
studies already reported in literature where it has been demonstrated that LA yield was influenced 
by the water/biomass ratio [19]. A reference reported that best LA yields were achieved with an 
initial cellulose intake of 1.7 wt % [20]. Also in our case, since cellulose is 25 wt % of feedstock, 
best results were achieved at this cellulose value (maximum yields at 6.7 wt % of tobacco chops, 
containing 25 % of cellulose, so the cellulose intake in run T3 was 1.68 wt %). 
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Figure 4.4: The influence of initial cellulose intake on LA yield  
 
Run T3 was the run with the best LA yield in function of the ratio water/ biomass. In these 
conditions a temperature screening, in order to determine the temperature effect on LA yield (see 
runs T4-T8, table 4.1) was made. The LA yields obtained at different temperatures were reported in 
graphic of figure 4.5: the yield of levulinic acid is a clear function of the operating temperature. 
From 180 till 200 °C, a LA yield increase was registered with the increasing of temperature and the 
maximum of LA yield was ascertained at the temperature of 200 °C (run T3, table 4.1). A further 
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temperature increase caused a LA yield significant decrease. For example, a temperature increase of 
only 10 °C, from run T3, carried out at 200 °C, to run T4, carried out at 210 °C, caused a yield 
decrease from 16.9 to 6.1 % in respect of the theoretical yield.  
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Figure 4.5: Effect of temperature on YLA  
 
A reasonable explication for this experimental evidence, is that a higher temperature favoured the 
cellulose conversion but, if the temperature is enough high, the selectivity is shifted toward humins 
formation.  
The hydrolysis reaction of cellulose to decomposition products has the largest activation energy 
(174.7 kJ mol-1 [20]), which implies that this reaction is most sensitive to the temperature. The 
second-largest activation energy (164.7 kJ mol-1 [20]) was observed for the decomposition reaction 
of glucose to humins. Conducting the reaction at high temperatures favours these side reactions, and 
as a result more side products (i.e., the decomposition products and humins) are produced and the 
formation of LA is suppressed. 
The activation energy for humins formation from glucose is significantly higher (164,7 kJ mol-1) 
than all other activation energies, this implying that the kinetics of this reaction is the most sensitive 
to the temperature. To reduce humins formation, lower reaction temperatures are preferred. It is 
significant to note that the best operative temperature, for this type of biomass, is different in 
respect of 150 °C, reported in literature as sufficient for the pure cellulose conversion [19]. For a 
raw biomass, where cellulose is linked with lignin and hemicellulose fibres, a higher temperature is 
necessary in order to make the cellulose disposed to hydrolysis reaction. 
Runs reported in table 4.2 were carried out at the already optimized temperature and biomass intake 
conditions using different acid concentrations: in other words, run T3, which gave the best LA yield, 
was replicated in a wide range of acid molar concentrations. The yield of LA was improved when 
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applying higher acid concentration. This effect was significant and the yields raised when the acid 
concentration was increased to 0.25 to 1 M. 
 
Run Feedstock 
(g) 
Water 
(ml) 
 H2SO4 
(M) 
 P(N2)
(atm)
T (°C) t (h) LA
(g) 
YLA a 
(% wt.)
YLAb 
(%l) 
tYLA c 
(%) 
T3 1.75 24 0.25 30 200 0.5 0.053 3 12 16.9 
T9 1.75 24 0.37 30 200 0.5 0.060 3.4 13.7 19.1 
T10 1.75 24 0.5 30 200 0.5 0.07 4 16 22.6 
T11 1.75 24 1 30 200 0.5 0.089 5.1 20.3 28.5 
Reaction conditions:  
Substrate: tobacco chops (cellulose content 25 %), Catalysts: Sulphuric acid; Solvent: Water; N2: 30 atm 
a: LA ponderal yield  
b: LA yield calculated on biomass cellulose content 
c: LA yield percent on theoretical value 
 
Table 4.2: Tobacco chops hydrolysis to LA with sulphuric acid the effect of acid concentration 
 
The effect of the H2SO4 concentration on biomass conversion and LA yield is graphically provided 
in figure 4.5. Evidently, higher acid concentration results in higher LA yield. 
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Figure 4.6: Effect of acid concentration on YLA  
 
Despite of the optimization of the principal reaction parameters of this initial screening, not 
remarkable levulinic acid yields were ascertained. The best run resulted T11, carried out at 200 °C 
with a biomass intake of 6.7 wt % and acid concentration 1 M where a levulinic acid yield of 20 %, 
corresponding to 28 % of maximum obtainable yield was ascertained. 
An explication of these not so good first results is that the patent cited before [15] described the 
process of levulinic acid production with feedstocks that have high cellulose content (up to 80 %) 
and for this reason they can’t be defined as “waste” materials.  
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The cellulose content of tobacco chops was only 25 % and the experimental results indicated that a 
different catalytic approach is necessary for this biomass. Furthermore, from the chemical analysis, 
resulted that the tobacco chops contained metal ions in high concentration, in particular calcium  
and magnesium (respectively 4,2 wt % and 2 wt % from the analysis performed by Chelab).  
The presence of these cations in such high quantity could not permit the use of sulphuric acid as 
hydrolysis catalyst. Indeed, using H2SO4, it is impossible to avoid the significant precipitation of the 
insoluble calcium and magnesium sulphates. These salts can cause the clogging of reactor and 
furthermore, they can passivate the feedstock not already reacted. The biomass was englobed by the 
precipitated sulphated and thus can not be hydrolyzed, with the result of low biomass conversions 
and poor levulinic acid yields. For this reason, even tough sulphuric acid is the most commonly 
used mineral acid in biomass catalytic hydrolysis, the experimental evidences reported for the first 
runs of this screening, make necessary to work with another acid. In addition of sulphuric acid, also 
HCl, HBr and H3PO4 have been reported in literature [16].  
Concerning the use of heterogeneous catalysts for biomass hydrolysis like zeolites or ion exchange 
resins, very few attempts have been reported [17, 18]. In spite of the advantages of using this type 
of catalyst (shape selectivity and reusability), the reaction rate was very low, and long reaction 
times were required to achieve moderate yields. Indeed, this approach is not applicable when both 
the feedstock and the catalyst were insoluble in the reaction medium. Furthermore, the inability to 
increase the reaction temperature when using ion-exchange resins is an important drawback for 
their use in this process.  
So, in successive runs (reported in table 4.3), to avoid the formation of insoluble salts, hydrochloric 
acid was employed.  
 
Run Feedstock 
(g) 
Water 
(ml) 
HCl 
(M) 
MCl 
(M) 
T (°C) t 
(h) 
YLA c 
(% wt.)
LA 
(g) 
YLAd 
(%) 
tYLA e 
(%) 
T12 1.75 24 0.5 - 200 0.5 5.2 0.09 21 29 
T13 1.75 24 0.5 M= Na 
0.17 
200 0.5 5.7 0.10 23 32 
T14 1.75 24 0.5 M= Na 
0.25 
200 0.5 7.4 0.13 30 42 
T15 1.75 24 0.5 M= Li 
0.25 
200 0.5 8 0.14 32 44 
Reaction conditions:  
Substrate: tobacco chops (cellulose content 25 %), Catalysts: Hydrochloric acid; Solvent: Water; N2: 30 atm 
a: LA ponderal yield  
b: LA yield calculated on biomass cellulose content 
c: LA yield percent on theoretical value 
 
Table 4.3: Tobacco chops hydrolysis to LA with hydrochloric acid: the “salt effect”  
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In this way, calcium chloride was formed, but, thanks to its higher water solubility, it did not cause 
operative problems. For these experiments, it has been decided to adopt the reaction conditions, 
such as biomass intake and temperature, already optimized in the previous screening. Thus, biomass 
intake of 6.7 wt % and temperature of 200 °C were the conditions adopted for the preliminary runs 
with hydrochloric acid. 
Run T12 was carried out by adopting a hydrochloric acid concentration of 0.5 M. Thanks to the 
employ of HCl instead of H2SO4, no deposition of precipitated inorganic salts and solids black 
humins was ascertained. The solution was yellow-orange coloured whereas in the case of the 
experiments carried out with sulphuric acid it appeared dark brown coloured. The colour of solution 
is an important indication of the humins formation. The presence of humins in solution is indeed 
indicated by a dark colour of the reaction mixture.  
Furthermore, the LA yield, reported in table 4.3, was higher than that of the analogous run 
performed with the sulphuric acid (entry T10, table 4.2) and comparable to the levulinic acid 
amount reached working with a double concentration of H2SO4 (run T11, table 4.2).  
Therefore, this first run has immediately showed an important advantage of the hydrochloric acid 
use: a lower quantity of HCl, equal to a half molar concentration, is enough to reach the same LA 
yield. The LA yield attained in run T12 has been encouraging to continue the study on biomass 
degradation with HCl. Moreover, the employment of a most dilute acid, has an undoubted 
advantage for an industrial application. 
 
As it was clearly shown in figure 4.3 and illustrated in chapter 2, the first stage of biomass 
degradation is represented by the polysaccharide cellulose de-polymerization to the monomeric 
glucose by the acid catalyzed hydrolysis of β-1,4-glycosidic bonds with glucose formation.  
Afterwards, the glucose monomer isomerizes to fructose that is rapidly degradated to HMF whose 
successively hydrolys gives levulinic and formic acids. Hence, it appears evident that the slow step 
of the formation of levulinic acid from carbohydrates is the cellulose hydrolysis. 
Cellulose is hydrolysed in pure water by attack of the electrophilic hydrogen atoms of the H2O 
molecule on the glycosidic oxygen.  
This is a very slow reaction because of the resistance of the cellulose to hydrolysis. This stage could 
be favoured by the “salt effect”.  
The presence of a salt, like sodium chloride for example, can increase the wettability of cellulose 
and catalyzes the cellulose hydration which is the first step of the degradation reaction [21]. For this 
reason, in successive experiments, the effect of the addition of an inorganic salt was studied: the 
effect of salt addition on LA yield is clearly shown in figure 4.7. 
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Run T13 (see table 4.3) was carried out at the same reaction conditions of run T12, with the 
addition of the inorganic salt NaCl, in molar concentration equal to 0.17 M. The obtained yield of 
LA showed the positive salt effect on cellulose hydrolysis.  
Since in literature was reported that the cellulose hydrolysis efficiency was a direct function of salt 
concentration, run T13 was replicated by adding 5.9 millimols, corresponding to a molar 
concentration of 0.25 M of NaCl as co-catalyst (run T14, table 4.3). 
With this further NaCl addition, a remarkable higher LA yield, increased from 20 till 30 percent, 
was ascertained.  
The remarkable increase of reaction rate due to the salt presence in the reaction medium could be 
explained by applying the Donnan’s theory of membrane equilibria [22] to the heterogeneous 
hydrolysis of the cellulose in dilute acid. 
It is well know that in heterogeneous acid hydrolysis of cellulosic materials a portion of the sample 
react much faster than the remainder. This portion is referred to as the amorphous or accessible part 
of cellulose, whereas the remainder is the crystalline or hardly accessible portion. When the extent 
of hydrolysis is followed by the change in degree of polymerization (DP), the rate of decrease in DP 
changes and eventually approaches to zero so that the DP appears to reach a constant value. When 
the extent of reaction is followed by the loss in-weight upon hydrolysis, the same effect is observed 
and the rate of loss of weight decreases until a constant value is reached. If it is postulate that 
cellulose chains in the amorphous region are freely accessible to the hydrolytic medium then, as 
first approximation, the Arrhenius activation energy calculated from the temperature dependence of 
the rapid rate in the early states of the weight loss corresponds to that associated with the bonds 
breaking in the cellulose chains. The activation energy calculated from the temperature dependence 
of the rate in the larger stages when the crystalline region is being attacked might be expected to 
include an additional quantity of energy related to the breaking of H-bonds between chains in the 
crystallites. Activation energies which have been obtained by different workers for different 
cellulosic materials tend to support this hypothesis [23, 24], and the slow rate of hydrolysis of the 
crystalline portion has been attributed to: 
a. The intensity of these inter- and intra-molecular bonds 
b. The restrictions of the conformational changes necessary for forming the half-chair 
carbonium-oxonium ions in a more highly ordered system, suggesting that the rate at which 
the hydrolyzing medium can penetrate the crystalline region of the cellulose is kinetically 
important. 
Therefore any model to explain the kinetics of the heterogeneous hydrolysis of cellulose should take 
this into account. Both mechanisms proposed for the hydrolysis of cellulose proceed via charged 
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intermediates. The condition during hydrolysis resemble those occurring in a heterogeneous system 
in which two electrolyte solutions are separated by a membrane impermeable to one of the ionic 
species. The system consists of a liquid phase containing “free” H3O+ and X- ions, where X- is the 
anion, and a cellulose phase containing, in addition, non-diffusible cations SH+ where S represents 
the reaction site. At a given acid concentration, the distribution of free H3O+ ions between the two 
phases will be such that the concentration of free H3O+ ions in the cellulose phase.  
According to Donnan’s theory of membrane equilibrium [22], the difference concentration of H3O+ 
ions in the two phases can be minimized by the addition of an inert, diffusible salt. In other words, 
addition of the electrolyte should result in an increase in the concentration of H3O+ ions in the 
cellulose phase, and hence an increase in the rate of protonation of reaction sites.  
A positive salt effect will show as an increase in the slope of the straight portion of the later part of 
the curve, i.e., an increase in k, the rate constant for the hydrolysis of the crystalline portion. 
Experimental evidence reported in literature showed that both the amorphous and crystalline region 
of cellulose experience a salt effect upon hydrolysis [25]. The explanation of the positive salt effect 
also on amorphous phase is that in vigorously agitated media, the hydrolysis of both regions occurs 
simultaneously and the salt effect experienced in the crystalline region would reflect in the 
amorphous region as well. Quantitative treatment of this effect is further complicated by the fact 
that no sharp borderline seems to exists between the highly ordered crystalline and the highly 
ordered amorphous regions of cellulose, the nature of cellulose chains is intermediate, to varying 
degrees, between the two extremes. Meller has suggested that reasonably good approximation of the 
rate of removal of the easy accessible fractions may be obtained by applying the kinetic of “retarded 
reactions” or “activated diffusion” [26]. 
This very significant effect, well known in literature, it was not employed, until now, in the study of 
carbohydrates hydrolysis to levulinic acid. In this work, for the first time, the importance of salt 
effect on reaction rate was demonstrated for the levulinic acid synthesis from biomasses. 
Run T14 was replicated by changing the co-catalyst: indeed the effect of various metal co-ions was 
reported in literature [21]. It was employed lithium chloride instead sodium chloride in the same 
molar concentration. As it is evident from the reported data and from the histogram of figure 4.7, 
also LiCl had a positive effect on the kinetic reaction, a little bit higher than the effect shown by 
NaCl (LA yield, calculated on tobacco cellulose content equal to 30 % for run T14 against 32 % for 
run T15).  
The higher effect of LiCl than NaCl was in line to what expected from the literature [21]. 
In fact, it was demonstrated that the rate of hydrolysis of cellulose decreases exponentially with an 
increase in ionic radius for a given concentration of co-ion. The ionic radius of sodium is 102 pm, 
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whereas which of lithium is only 72 pm. Even tough the great effect on hydrolysis rate, it has been 
decided to continue the study on biomass conversion with NaCl, because although this salt was only 
a little bit less effective it is definitely less expensive than Lithium chloride. 
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Figure 4.7: The positive “salt effect”  
 
Since the slow step of the biomass degradation is the cellulose de-polymerization, run T16 (see 
table 4.4) was carried out likewise the previous run T12 reported in table 4.3, but with a pre-
treatment stage before the hydrolysis at high temperature. This pre-treatment was carried out at 
lower temperature for 2 hours. The LA yield ascertained for run T16 was the higher reported in this 
initial screening: 32 %, corresponding to 45 % of theoretical yield.  
 
Run Feedstock 
(g) 
Water 
(ml) 
HCl 
(M) 
NaCl 
(M) 
Ta 
(°C)
ta 
(h) 
Tb 
(°C)
tb 
(h) 
YLA c 
(% wt.)
LA 
(g) 
YLAd 
(%) 
tYLA e 
(%) 
T16 1.75 24 0.5 - 80 2 200 0.5 8 0.14 32 45 
T17 1.75 24 0.5 0.25 80 2 200 0.5 12.5 0.22 50 70 
T18 1.75 24 0.5 0.25 90 2 200 0.5 13.7 0.28 55 77 
T19 1.75 24 0.5 0.25 120 2 200 0.5 15 0.29 59 83 
Reaction conditions:  
Substrate: tobacco chops (cellulose content 25 %), Catalysts: Hydrochloric acid; Solvent: Water; N2: 30 atm 
a: first step reaction: biomass pre-treatment 
b: second step reaction: cellulose hydrolysis 
c: LA ponderal yield  
d: LA yield Calculated on biomass cellulose content 
e: LA yield percent on theoretical value 
 
Table 4.4: Tobacco chops hydrolysis to LA with hydrochloric acid: the pre-treatment effect 
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When run T16 was replicated with the NaCl addition(run T17, see table 4.4) a remarkable levulinic 
acid yield increase was registered. These last two runs (T16 and T17) confirmed the great biomass 
reactivity after the pre-treatment of the feedstock.  
One possible explication of this experimental evidence is that at the pre-treatment step, part of 
hemicellulose (in general oligosaccharides) was solubilized and its fibres were removed from the 
biomass. In this way, the surface of cellulose is better exposed to the successive acid attack.  
Runs T18 and T19 were performed at higher temperature of pre-treatment: 90 and 120 °C 
respectively (see table 4.4). 
As clearly shown from the reported data of table 4.4 and from the graphic of figure 4.8, the LA 
yield was improved when applying higher pre-treatment temperatures. When the pre-treatment was 
performed at 120 °C, the higher yield ever reached starting from a raw waste biomass was reported: 
59 %, corresponding to 83 % of the maximum obtainable yield.  
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Figure 4.8: Effect of pre-treatment temperature on YLA  
 
For a better comprehension of pre-treatment role, and in order to determine which part of the 
biomass could be solubilized after the pre-heating stage, runs F1-F3, reported in table 4.5, were 
performed with the removal of solid phase after the first reaction step.  
In fact, these experiments were carried out at the same reaction conditions of the runs T17-T19, but 
the solid phase was removed by filtration after the pre-treatment and the subsequent hydrolysis 
stage at 200 °C was carried out on the aqueous phase. The hydrolysis, performed only on the liquid 
phase obtained after every pre-treatment temperature: 80, 90 and 120 °C, did not give any levulinic 
acid detectable amount. 
This evidence confirmed the initial hypothesis that the pre-treatment temperature is too low to 
obtain soluble levulinic acid precursors. So, it is possible to conclude that this first reaction step at 
lower temperature is useful for the cellulose activation for the next acid catalyzed hydrolysis. 
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Run Feedstock 
(g) 
Water 
(ml) 
HCl 
(M) 
NaCl 
(M) 
Ta 
(°C)
ta 
(h) 
Tb 
(°C)
tb 
(h) 
tYLA c 
(% wt.) 
F1 1.75 24 0.5 0.25 80 2 200 0.5 - 
F2 1.75 24 0.5 0.25 90 2 200 0.5 - 
F3 1.75 24 0.5 0.25 120 2 200 0.5 - 
Reaction conditions:  
Substrate: tobacco chops, Catalysts: Hydrochloric acid; Solvent: Water; Nitrogen pressure 30 atmospheres 
a: first step reaction: biomass pre-treatment 
b: second step reaction: cellulose hydrolysis: it was carried out only on soluble portion of the reaction mixture after 
filtration of the slurry  
c: LA ponderal yield  
 
Table 4.5: Hydrolysis of the solution after the pre-treatment stage 
 
 
A number of experiments were carried out using various acid concentrations (0.35-1.3 M) at 200 °C, 
feedstock concentration 6.7 wt % and pre-treatment of reaction slurry at 80 °C for 2 hours. The 
results were reported in table 4.6. 
 
Run Feedstock 
(g) 
Water 
(ml) 
HCl 
(M) 
NaCl 
(M) 
Ta 
(°C)
ta 
(h) 
Tb 
(°C)
tb 
(h) 
YLA c 
(% wt.)
LA 
(g) 
YLAd 
(%) 
tYLA e 
(%) 
T17 1.75 24 0.5 0.25 80 2 200 0.5 12.5 0.22 50 70 
T20 1.75 24 1 0.25 80 2 200 0.5 14.2 0.25 57 79 
T21 1.75 24 1.3 0.25 80 2 200 0.5 15.4 0.27 62 86 
T22 1.75 24 0.4 0.25 80 2 200 0.5 10.3 0.18 41 58 
T23 1.75 24 0.25 0.25 80 2 200 0.5 5.7 0.1 23 32 
Reaction conditions:  
Substrate: tobacco chops (cellulose content 25 %), Catalysts: Hydrochloric acid; Solvent: Water; N2: 30 atm 
a: first step reaction: biomass pre-treatment 
b: second step reaction: cellulose hydrolysis 
c: LA ponderal yield  
d: LA yield Calculated on biomass cellulose content 
e: LA yield percent on theoretical value 
 
Table 4.6: Tobacco chops hydrolysis to LA with HCl: the effect of acid concentration 
 
The yield of levulinic acid is a clear function of the acid concentration, with low acid concentration 
leading to reduce yields. This was shown also when sulphuric acid was employed and is illustrated 
in figure 4.9, where the yields of LA are reported as a function of acid concentration. When the 
experiment was carried out with acid concentration equal to 1.3 M, the higher up to now ever 
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reported yield from a raw waste biomass has been ascertained. In run T21 the LA yield was 62 %, 
corresponding to 86 % of maximum theoretical yield. This value is very interesting because 
indicates the absence of humins formations. 
Literature evidence, as reviewed by Wiggins [27], shows that only about two-thirds of the 
theoretical yield can be attained, due to the formation of insoluble residues, including humins. 
However, the use of significant acid amount in run T21 is not so necessary because, with an HCl 
concentration of 0.5 M, very remarkable yields were attained.  
Therefore, in order to avoid corrosions problem and acid wastes, the successive runs were 
performed at the lower acid concentration of 0.5 M. 
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Figure 4.9: Effect of acid concentration on YLA  
 
 
A number of experiments were carried out at various hydrolysis temperature and leaving equal the 
other reaction conditions: biomass 6.7 wt %, acid 0.5 M, 5.9 mmol of sodium chloride and pre-
treatment of reaction slurry at 80 °C for two hours: the results obtained were reported in table 4.7.  
For a better comparison, also run T17, carried out at 200 °C, has been reported in the table. 
Likewise at the study on temperature effect on hydrolysis catalyzed by sulphuric acid, the run were 
performed in a wide temperature range. 
In figure 4.10 the effect of temperature on tobacco chops hydrolysis is illustrated. In the histogram, 
the LA yields were reported also for the analogous runs carried out at the same temperatures with 
different acid catalyst: the black bars represents H2SO4, whereas the white bars represents HCl.  
The graphic highlights the catalytic differences between the two employed strong acids: the clearly 
higher catalytic efficiency of HCl against H2SO4 for the hydrolysis reaction is well evident.  
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As it appears evident from the histogram, another difference between the runs carried out with 
sulphuric acid and hydrochloric acid, is that with the employment of HCl the reaction rate increases 
also at temperature higher than 200 °C. 
 
 
Run Feedstock 
(g) 
Water 
(ml) 
HCl 
(M) 
NaCl 
(M) 
Ta 
(°C)
ta 
(h) 
Tb 
(°C)
tb 
(h) 
YLA c 
(% wt.)
LA 
(g) 
YLAd 
(%) 
tYLA e 
(%) 
T17 1.75 24 0.5 0.25 80 2 200 0.5 12.5 0.22 50 70 
T24 1.75 24 0.5 0.25 80 2 190 0.5 9.7 0.17 39 54 
T25 1.75 24 0.5 0.25 80 2 180 0.5 8 0.14 32 45 
T26 1.75 24 0.5 0.25 80 2 210 0.5 13.7 0.24 55 77 
T27 1.75 24 0.5 0.25 80 2 215 0.5 12 0.21 48 67 
T28 1.75 24 0.5 0.25 80 2 220 0.5 10.3 0.18 41 58 
Reaction conditions:  
Substrate: tobacco chops (cellulose content 25 %), Catalysts: Hydrochloric acid; Solvent: Water; N2 30 atm 
a: first step reaction: biomass pre-treatment 
b: second step reaction: cellulose hydrolysis 
c: LA ponderal yield  
d: LA yield Calculated on biomass cellulose content 
e: LA yield percent on theoretical value 
 
Table 4.7: Tobacco chops hydrolysis to LA with HCl: the effect of temperature 
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Figure 4.10: Effect of temperature on YLA  
 
When H2SO4  was used, at temperature higher than 200 °C a dramatically levulinic acid yield 
decrease was ascertained. This fact was explained because at high temperature, the humins 
formation was favoured, causing a big LA yields decrease.  
Chapter 4: Levulinic acid from waste biomasses 
 - 80 - 
On the other side, when HCl was employed, no significant humins amount was ascertained and the 
colour of the solution was pale orange-yellow for every experiments. Indeed, when the run was 
carried out at a temperature higher than 200 °C (see run T26, table 4.8), not only the yield decrease 
was not detected, but also a significant rise of the LA amount was attained.  
It is important to note that the levulinic acid yield value obtained in run T26 is very similar to much 
reached in run T20, carried out at a temperature lower of 10 °C but at double acid concentration.  
Thus, from an industrial point of view, it could be suitable to work at little higher temperature using 
the half amount of acid for reach the same yields, with the undoubted advantage of acid saving and 
lower corrosion problems. 
When the temperature was furtherly increased (see runs T27 and T28, table 4.7), a little yield 
decrease was detected, but not a so significant yield decrease as for sulphuric acid was detected. 
 
Run T26 was replicated and the composition of the reaction mixture was followed at different times 
to evaluate the progress of the reaction: the levulinic acid concentration profile is given in figure 
4.11.  
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Figure 4.11: Kinetic profile during hydrolysis (Cfeed= 6.7 wt%, CHCl = 0.5 M, T = 210 °C) 
 
In the first part of the curve reported in figure 4.11, it is clearly evident as the LA yield increases in 
time: at the beginning of the reaction, the rate of formation of LA was high but, after 30 minutes the 
reaction rate became slower. 
If the reaction was continued for a time longer than 50 minutes, the yield slowly went down due to 
side reactions of the levulinic acid.  
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Now the mechanism of levulinic acid and humic substances formation has been revisited and was 
proposed by Tarabanko a new mechanism starting from carbocation intermediates. Accordingly, if 
the reaction was performed for longer reaction time, the produced levulinic acid could form humins 
with the consequent yield decrease. For this reason, it has been decided to perform the catalytic 
experiments proposed in this work adopting the reaction time of 30 minutes. 
 
 
4.3 Levulinic acid production from paper sludge 
 
In literature, various works illustrated the different optimum reaction conditions for various types of 
biomasses. The previous study on hydrolysis of a raw biomass, such as tobacco chops, has 
evidenced that the best conditions must be optimized for each starting materials. Thus, it is 
necessary to find the best conditions every time for each investigated substrate. 
In this thesis, another promising waste biomasses was studied: paper sludge, waste from paper 
factory. The paper sludge employed in this work was supplied from two paper industry of the 
territory: Lucart and SCA Packaging both from Lucca. They supplied these sludges which were 
completely considered such as waste materials with negative economic value. In this point of view, 
likewise for tobacco chops, the obtaining of a bulk chemical like LA from wastes appeared very 
interesting. 
The first sludge tested was provided from Lucart paper mill. This material presented a very low 
cellulose content (only 15 wt. %) and high calcium percent (up to 25 weight percent). For the 
preliminary test runs (table 4.8), the best conditions already optimized for tobacco chops were 
adopted. Unfortunately, run L1 gave only traces of levulinic acid. 
Successive runs were carried out with a higher pre-treatment temperature (run L2), and with higher 
acid concentration (runs L3 and L4, respectively 1.6 and 3.2 M). With these adjustments, levulinic 
acid yield increases were achieved and, as expected, higher pre-treatment temperature and higher 
acid molar concentration gave best results.  
Even thought a yield increase was reached, the obtained values were very low. In run L4, carried 
out with high acid concentration, only 7 % of LA yield, corresponding to 10 % of theoretical value, 
was attained. It is important to note that the more significant yield increase has been reached when 
higher acid concentrations were employed. As it was demonstrated before, the biomass conversion 
to LA was favoured by high acid concentration. Furthermore, the extremely high calcium ions 
concentration suggested that a part of the employed HCl was neutralized by the formation of high 
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quantity of calcium chloride. Hence, in order to reach appreciable LA yield, it was necessary to use 
a higher amount of acid catalyst than for tobacco chops. 
 
Run Feedstock 
(g) 
Water 
(ml) 
HCl 
(M) 
NaCl 
(M) 
Ta 
(°C)
ta 
(h) 
Tb 
(°C)
tb 
(h) 
YLA c 
(% wt.)
LA 
(g) 
YLAd 
(%) 
tYLA e 
(%) 
L1 1.75 24 0.5 0.25 80 120 200 0.5 0.01 0.003 0.9 1.3 
L2 1.75 24 0.5 0.25 120 120 200 0.5 0.02 0.005 1.9 2.7 
L3 1.75 24 1.6 0.25 120 120 200 0.5 0.05 0.014 5.2 7.3 
L4 1.75 24 3.2 0.25 120 120 200 0.5 0.06 0.019 7 10 
Reaction conditions:  
Substrate: paper sludge from Lucart (cellulose content 15 % w/w), Catalysts: Hydrochloric acid; Water; N2: 30 atm 
a: first step reaction: biomass pre-treatment 
b: second step reaction: cellulose hydrolysis 
c: LA ponderal yield  
d: LA yield Calculated on biomass cellulose content 
e: LA yield percent on theoretical value 
 
Table 4.8: Lucart paper sludge hydrolysis to LA with HCl:  
the effect of acid concentration and pre-treatment temperature 
 
Thus, due to its characteristics, this paper sludge can not be conveniently involved in a future 
industrial application and it has been decided not to continue this study. 
 
The paper mill SCA packaging supplied a sludge collected from the pulper of the factory. This 
paper sludge was a very heterogeneous raw material and it was not used as received because it 
contained plastic refuses, pieces of heterogeneous materials like glass, cloth and metal. The sludge 
was selected and not cellulosic materials were separated. Then, the material was grinded and the 
obtained powder was used for the conversion to levulinic acid. The cellulose content measured on 
this selected fraction, representing about 40 wt. % of the total sludge, was very high: 57.2 weight %.  
For starting, run S1 (see table 4.9) was carried out at the same conditions already optimized in the 
case of tobacco chops. The yield ascertained was promising: 35 % calculated on the basis of the 
cellulose content. Since the cellulose percent in the feedstock was more high than tobacco chops 
(cellulose weight percent of 57.2 % instead 25 %), run S1 was replicated with a greater water 
amount, in order to work with a lower biomass/water ratio in the reaction slurry.  
Indeed, run S2 was carried out with 36 instead 24 ml of water. The acid quantity adopted for run S2 
was increased in order to work with the same molar concentration already employed in previous run 
(HCl concentration 0.5 M). The resulted LA yield of run S2, reported in table 4.9, confirmed that a 
larger water amount was necessary to reach higher yield.  
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The cellulose intake of this run was 2.7 wt %, whereas for tobacco chops higher LA yields were 
achieved in more diluted conditions. So, run S3 was carried out with a minor amount of biomass, 
because the reactor maximum volume did not permit to further increase the water amount. Run S3 
gave a better yield result: 42 %, corresponding to 58 % of the maximum theoretical yield. The 
achieved higher yield values confirmed that under the optimized conditions, the eventual formed 
humins were a very little quantity. Furthermore, the solution was orange/yellow coloured, thus 
suggesting low humins (dark brown coloured) presence in the reaction medium. 
 
Run Feedstock 
(g) 
Water 
(ml) 
Acid 
(M) 
NaCl 
(M) 
Ta 
(°C)
ta 
(h) 
Tb 
(°C)
tb 
(h) 
YLA c 
(% wt.)
LA 
(g) 
YLAd 
(%) 
tYLA e 
(%) 
S1 1.75 24 0.5 0.25 80 2 200 0.5 20 0.35 35 49 
S2 1.75 36 0.5 0.25 80 2 200 0.5 22 0.39 39 55 
S3 1 36 0.5 0.25 80 2 200 0.5 24 0.24 42 58 
S4 1 36 1 0.25 80 2 200 0.5 32 0.32 56 78 
S5 1 36 1 0.25 120 2 200 0.5 33 0.33 58 80 
S6 1 36 1 0.25 - - 200 0.5 29.6 0.29 52 72 
S7 1 36 1 - - - 200 0.5 15 0.15 27 38 
S8 1 36 1f 0.25 - - 200 0.5 18 0.18 31 43 
Reaction conditions:  
Substrate: paper sludge from SCA Packaging  (from the pulper, cellulose content 57.2 % w/w), Catalysts: Hydrochloric 
acid (for run S7, H2SO4 instead HCl); Solvent: Water, N2: 30 atm;  
a: first step reaction: biomass pre-treatment 
b: second step reaction: cellulose hydrolysis 
c: LA ponderal yield  
d: LA yield Calculated on biomass cellulose content 
e: LA yield percent on theoretical value 
f: catalyst: Sulphuric acid 
 
Table 4.9: SCA paper sludge hydrolysis to LA with HCl:  
the effect of temperature, biomass intake, pre-treatment 
 
Run S3 was then replicated with a greater acid concentration (run S4, table 4.9, 1 instead 0.5 M) 
and, as expected, a significant levulinic acid yield increase was ascertained.  
When tobacco chops was employed as starting material, it was demonstrated that the pre-treatment 
of biomass before the hydrolysis step was decisive in order to obtain a high levulinic acid yield. 
Furthermore, it was shown that the pre-treatment temperature was fundamental and it was more 
effective if carried out at 120 °C.  
Run S4 was so replicated with a pre-treatment step at 120 °C instead 80 °C (run S5, table 4.9). This 
adjustment, gave a levulinic acid yield of 33 wt % on feedstock instead of 32 wt % obtained with 
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the pre-treatment at lower temperature. On the contrary to what happened for tobacco chops, the 
adopted temperature in the pre-hydrolysis step did not affect significantly the LA yield.  
To verify the effective importance of the pre-treatment for this type of raw material, run S6 was 
carried out without pre-heating step (table 4.9): the reported LA yield for run S6 was lower than 
those achieved for the corresponding runs carried out with pre-treatment (runs S4 and S5, 
respectively at 80 and 120 °C). The significant difference between this run and those carried out 
with tobacco chops (T16, see table 4.4) is that in this last case, the LA yield was not as lower as one 
could expect. 
In fact, as is clearly evidenced by the histogram reported in figure 4.12, the pre-treatment step 
efficacy is more remarkable for tobacco chops, where a significant LA yield increase was 
ascertained between the experiments carried out without and with this pre-heating step. 
A possible explanation of these experimental evidences could be found by thinking to the different 
starting materials employed in this work. In fact, it has been demonstrated that the optimal 
hydrolysis conditions must be found every time for each substrate and it was impossible to give 
univocal reaction parameters.  
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Figure 4.12: Effect of pre-treatment for various biomasses 
 
In the case of a vegetable biomass like tobacco chops, the pre-treatment step served to a partial 
solubilization of the hemicellulose fibres and the subsequent activation of the cellulose to the 
successive de-polymerization step. Probably, the cellulose in paper sludge, on the contrary, has its 
surface more prone to the acid attack. 
The experiment S7 was carried out without NaCl in order to verify the efficacy of the presence of 
metal salt for paper sludge. This run was performed leaving unchanged all the other conditions 
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employed for run S6 (see table 4.9) and the reported LA yield was the half of what obtained in the 
reference run S6.  
It is possible to conclude that, even thought the paper sludge did not require the pre-treatment step 
and the cellulose is more prone towards the hydrolysis, also this biomass was affected by the “salt 
effect”. The presence of an electrolyte, like sodium chloride, was also in this case fundamental to 
increase cellulose wettability and its activation to the hydrolysis. 
Lastly, the catalytic study on paper sludge hydrolysis has been concluded with an experiment where 
sulphuric acid was employed as catalyst (run S8, table 4.9). The acid molar amount and the other 
reaction conditions were the same of run S6, but, with sulphuric acid, the ascertained yield was 
lower than which obtained adopting hydrochloric acid. It is possible to conclude that, also for this 
type of paper sludge, likewise for tobacco chops, HCl is the best catalyst for the reaction. In this 
raw material calcium content was lower than tobacco chops (calcium content 1.8 %) but the calcium 
sulphate precipitation can deactivate the solid substrate. Furthermore, the solution after the 
hydrolysis, was dark brown coloured thus indicating humins formation. Hence, the acid catalyst 
H2SO4 was less active and less selective towards levulinic acid and side reactions of humins 
formation were favoured.   
 
 
4.4 Levulinic acid production from lemon peels 
 
 
Limoncello is a typical italian liquor obtained from lemon peels: for its preparation, the essential 
oils present in the rind were extracted in ethanol for a variable time. The exhausted lemon peels, a 
waste material, could be used as starting raw feedstock to produce levulinic acid. The lemon rind 
indeed contain cellulose and sugars that could be hydrolyzed to levulinic acid The cellulose and 
sugars content in lemon peel were not deterimined and for this reason the levulinic acid yield was 
calculated only on the weight of feedstock.  
In  table 4.10 the hydrolysis experiments on lemon peels were reported. 
The first run, Le1, was carried out without the pre-treatment stage: a 4.5 % of ponderal levulinic 
acid yield was ascertained in these conditions.  
When the run was replicated with the pre-treatment step, (run Le2, table 4.10) a significant LA 
yield increase was ascertained. Since a remarkable difference on LA yield was ascertained between 
the run carried out without pre-treatment (run Le1) and run with pre-treatment (run Le2), it was 
possible to conclude that for this biomass type the pre-treatment was effective for the hydrolysis 
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reaction. For this reason, run Le2 was replicated at the higher pre-treatment temperature of 120 °C 
(run Le3, table 4.10), a temperature that gave already good results in the case of tobacco chops. In 
these reaction conditions, a further yield increase was registered: 12 weight percent of the raw 
starting material was converted to levulinic acid. 
 
Run Feedstock 
(g) 
Water 
(ml) 
Acid 
(M) 
NaCl 
(M) 
Ta 
(°C)
ta 
(h) 
Tb 
(°C)
tb 
(h) 
LA 
(g) 
YLA c 
(% wt) 
Le1 1.75 24 0.5 0.25 - - 200 0.5 0.08 4.5 
Le2 1.75 24 0.5 0.25 80 2 200 0.5 0.14 8 
Le3 1.75 24 0.5 0.25 120 2 200 0.5 0.21 12 
Le4 1.75 36 0.5 0.25 120 2 200 0.5 0.29 17 
Le5 1.75 36 1 0.25 120 2 200 0.5 0.38 22 
Reaction conditions:  
Substrate: lemon peels, Catalysts: Hydrochloric acid; Solvent: Water, Nitrogen pressure 30 atmospheres;  
a: first step reaction: biomass pre-treatment 
b: second step reaction: cellulose hydrolysis: it was carried out only on soluble portion of the reaction mixture after 
filtration of the slurry  
c: LA ponderal yield defined as the ratio between the mass of LA obtained and the mass of feedstock  
 
Table 4.10: Lemon peels hydrolysis to LA with HCl 
 
Thus, the experiment Le3 was replicated by adjusting the principal reaction parameters in order to 
favour the levulinic acid yield. Run Le4 was carried out with a greater water amount and run Le5 
was performed with a double acid concentration. All these adjustment, gave remarkable yield 
increases. With run Le5, 22 weight percent of the feedstock was converted to levulinic acid. In 
every case, no humins solid by-products deposition has been ascertained. 
 
 
4.5 Conclusions  
 
In conclusion, it is possible to summarize that in this work the acid catalyzed hydrolysis to LA from 
biomasses (tobacco chops, paper sludge and lemon peels), considered completely as wasting, was 
studied with promising results.  
The hydrolysis reactions were carried out in a broad range of reaction conditions, including 
variations in temperature (from 180 to 220 °C), various acids at different concentration (H2SO4 and 
HCl in concentration between 0.25 to 1.3 M) and initial biomass intakes (6.7-17 wt %).  
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It has been demonstrated that the yield of levulinic acid and the selectivity depend strongly on the 
applied reaction conditions, which must be optimized for each biomass type, considering the matrix 
and the metal ions which are present. The optimization of reaction parameters has permitted to 
reach high levulinic acid yields with a very low by-products (humins) formation.  
These results were very promising because they could be applied to a wide range of organic waste 
materials with undoubted economical advantages and they have been patented by our research 
group [28]. 
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Levulinic acid from dedicated crops 
5 Levulinic acid from dedicated crops 
5.1 Dedicated crops 
 
In last chapter, the efficient waste cellulosic materials conversion to levulinic acid has been 
presented; in this chapter, the synthesis of LA from dedicated crops will be illustrated.  
As seen in the literature review presented in the chapter 2, table 2.1, lots of vegetable biomasses 
were employed in LA synthesis: sawdust from various woods, sorghum grain, bagasse, extruded 
starch, wheat straw and also seaweeds.  
The Agriculture Department of the University of Pisa cultivated biomasses in order to evaluate the 
best crop for energy production or soil drainage. They provided three biomasses: miscanthus, giant 
reed and poplar until now studied for energetic applications. 
In this thesis work, for the first time, these biomasses were employed for the catalytic conversion to 
LA.  
Whereas in past years biomass was mainly considered a mean to produce heat and/or electricity, 
recently, due to new available technologies as well as the increasing cost of oil, many traditional 
energy crops are also seen as a way of producing liquid bio fuels (e.g. bioethanol) [1]. In fact, under 
this form, energy obtained from biomass can be easily stored and used also in common engines for 
transportation. 
Ethanol is obtained from carbohydrates, via hydrolysis and following fermentation. In the plants, 
carbohydrates are mainly represented by starch (mainly stored in fruits and seeds) and cellulose 
(which constitutes a large part of cell walls).  
Biochemical conversion into alcohol strongly depends on the nature of the concerned carbohydrate: 
it occurs easily with starch and becomes more difficult with cellulose [2, 3].  
Thus, whenever seeds (e.g. corn grains) are used to produce ethanol, process is easier than starting 
from wood.  
Nevertheless, the recent controversy regarding the use of food products for energy, as well as the 
increase of food prices, may discourage the use of food crops for energy purposes in favour of 
specifically conceived energy crops which are less competitive [4].  
 
In this respect, woody crops represent one of the best solutions for two main reasons:  
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1. Their economic destination is only for energy and never for food;  
2. Most of them can be easily grown on marginal lands which are not suitable for conventional 
food crops [5]. 
 
There are two types of lignocellulosic  crops used in this study: 
 
 
• Herbaceous crops: they are annual or perennial rhizomatous grasses. For example 
Miscanthus (Miscanthus X giganteus) and giant reed (Arundo donax Linnaeus) are 
generating much interest in Europe, as new sources of biomass for energy production [6]. 
These perennial grasses show some ecological advantages in comparison with annual crops. 
For example miscanthus and giant reed need to have a limited soil management (planting 
and related tillage), reducing risk of soil erosion and determining a likely increase in soil 
carbon content and in biodiversity. Moreover, due to the recycling of nutrients by their 
rhizome systems, perennial grasses have a low demand for nutrient inputs and since they 
have few natural pests, they may also be produced without pesticide use; 
 
 
• Short Rotation Forestry (SFR): the biomass has high quality and these crops have high re-
growth capacity: poplar, willow and eucalyptus are particularly adapt for this purpose. 
 
There are many benefits expected from the production and use of these crops. They can give an 
important contribution to reduce anthropogenic CO2 emissions because the quantity of CO2 released 
by combusting biomass does not exceed the amount that has been fixed previously by 
photosynthesis while the plants were growing [7].  
 
 
5.1.1 Giant reed (Arundo Donax Linnaeus) 
 
Giant reed is native from East Asia and widely diffused in Mediterranean environment where it is 
frequently found in riparian habitats. Usually it does not set fruit because the pollen results 
unfruitful; consequently, the better propagation method, for this species, is the use of rhizomes. 
Throughout the United States, from northern California to Maryland, Arundo donax is an invasive 
weed, growing in water and is classified as an emergent aquatic plant. Currently, in Europe this 
species has been indicated like one of the most promising for energy production for the Southern 
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areas of Europe [8]. Its high biomass productivity has been observed also reducing crop inputs, such 
as fertilisation and plant density and this high yield is furthermore stable in the long-term [9]. The 
productivity of giant reed is undoubtedly very high: for example, the Torviscosa type crops, subject 
of this thesis, grant an average annual dry matter production of about 25–27 t ha-1 year-1.  
 
 
5.1.2 Miscanthus (Miscanthus X Giganteus) 
 
Miscanthus was a perennial grass endemic to East Asia, introduced in Europe as ornamental plant 
about 50 years ago. Therefore it is adapted to warmer climates [10] and in addition it has shown a 
good adaptation to the climatic conditions of Central and South Italy. European research has 
focused on one single clone M. x giganteus, which is a sterile hybrid: its sterility necessitates 
vegetative propagation by rhizome division or in vitro cultures [11]. Yield above 30 t ha-1 year-1 
(dry matter) are reported for locations in southern Europe with high annual incident global radiation 
and high average temperatures but only with irrigation. In central and northern Europe where global 
radiation and average temperatures are lower, yields without irrigation are more typically 10–25 t 
ha-1 year-1(dry matter). Yield variation depends on the different rainfall amount and distribution and 
confirmed that water availability is an essential yield-determining factor [12].  
 
 
5.1.3 Poplar (Popolus spp.) 
 
Poplar is a short-rotation coppices (SRC) crop. SRC are high-density plantations of woody crops 
which are grown to produce biomass as an alternative to fossil fuels for renewable energy 
production [13]. During the last decades, SCR have also been shown to be suitable to improve 
wastewater quality in vegetation filters which are SCR plantation irrigated with wastewater, usually 
as a complement to conventional treatments [14]. 
Poplar is the most common specie used for this purpose, and it has been selected in this study 
because of its friendlier overall environmental performance and its high biomass production yields 
per hectare in Mediterranean areas [15].  
Furthermore, the biomass produced from poplar has high quality and low silica and ash content than 
miscanthus and giant reed. An environmental disadvantage of this crop is its high consumption of 
water, which is a limited resource in lots of Mediterranean countries. Given this limitation, the 
implementation of poplars as an energy crop competes with other crops in areas having sufficient 
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water and land availability [17]. The productivity is highly dependent on harvesting frequency. 
Tests carried out by Agricultural department of Pisa University for an eight years period showed 
that the productivity of harvesting frequency of one, two and three years was 11, 20 and 22 t ha-1 
year-1(dry matter) respectively. 
 
It is important to underline that, likewise in the previous study on waste biomasses, all the raw 
materials were air-dried and milled to produce particles with the size of less than 0.5 mm.  
 
 
5.2 Levulinic acid production from poplar sawdust 
 
Poplar sawdust, provided from Agriculture Department of Pisa University, was the first vegetable 
biomass tested in this screening. The starting point was the already optimized reaction conditions 
for waste biomass, widely illustrated in previous chapter. 
As seen before, poplar is a high quality biomass with low ash content (only 0.83 wt %): and it  has a 
cellulose content of 57.9 wt %. The obtained levulinic acid yields were reported in next tables: 
likewise chapter 4, it has been reported 
• The LA total weight obtained,  
• The LA ponderal yield calculated on the weight of feedstock: 
LA Yield wt. % =  Mass of LA/Mass of feedstock · 100 
 
• The LA yield percent, calculated on the basis of cellulose content (XCell)·in the feedstock 
LA Yield % =  Mass of LA/Mass of feedstock · XCell · 100 
 
• The percent of theoretical yield 
Percent on LA theoretical Yield  =  Mass of LA/Mass of feedstock · XCell · 0.715 · 100 
 
As seen in the previous chapter, it is necessary to find the best reaction conditions for each biomass 
type. For preliminary runs, it was decided to work adopting conditions similar to those already 
employed for tobacco chops. However, it is important to note that poplar sawdust is different from 
tobacco: poplar is a biomass with high cellulose content (58 instead of 25 wt %) and it contains less 
metal cations and other inorganic derivatives like silica and ashes.  
First run, P1 (table 5.1), was carried out on 2.5 grams of poplar sawdust, in a 37.5 ml of a solution 
0.5 M for hydrochloric acid. In these conditions, the biomass intake was 4.2 wt %, less than 6.7 wt 
% of optimal conditions of runs carried out on tobacco chops. It has been decided to use less 
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biomass intake considering the higher cellulose content in poplar. In these conditions, the cellulose 
intake was 2.45 wt. percent. 
Likewise for the waste biomasses, the reaction slurry was pre-treated at 80 °C for 2 hours and a 
defined amount of the electrolyte NaCl was added to facilitate the cellulose hydrolysis reaction.  
Run P1 was carried out for one hour, and in table was reported the LA yield ascertained after this 
reaction time: 22.3 weight percent of levulinic acid obtained on initial feedstock weight, 
corresponding to 54 % of the theoretical obtainable yield.  
Furthermore, the reaction mixture was sampled at various reaction times during the hydrolysis and 
the levulinic acid yields (levulinic acid yield calculated on cellulose percent of the biomass) were 
reported in figure 5.1. In this way, in order individuate the best reaction time, it was made possible 
to analyse the LA yield profile to verify if degradation or humins formation reactions took place. 
 
Run Feedstock 
(g) 
Water 
(ml) 
HCl 
(M) 
NaCl 
(M) 
Ta 
(°C)
ta 
(h) 
Tb 
(°C)
tb 
(h) 
YLA c 
(% wt.)
LA 
(g) 
YLAd 
(%) 
tYLA e 
(%) 
P1 2.5 36 0.5 0.25 80 2 200 1 22.3 0.6 38 54 
P2 2.5 36 0.5 - 80 2 200 1 15.8 0.4 27 38 
P3 2.5 36 0.5 0.25 80 2 210 1 19 0.5 33 46 
P4 2.5 36 0.5 0.25 80 2 190 1 18 0.45 31 43 
P5 2.5 36 0.5 0.25 80 2 180 1 17 0.42 29 41 
P6 2.5 36 0.5 0.25 80 2 220 1 19 0.45 33 46 
Reaction conditions:  
Substrate: poplar sawdust (cellulose content 57.8 %), Catalysts: Hydrochloric acid; Solvent: Water; N2: 30 atm  
a: first step reaction: biomass pre-treatment 
b: second step reaction: cellulose hydrolysis 
c: LA ponderal yield  
d: LA yield Calculated on biomass cellulose content 
e: LA yield percent on theoretical value 
 
Table 5.1: Poplar hydrolysis to LA: study on temperature effect 
 
The levulinic acid yield profile reported in figure 5.1 showed that the levulinic acid yield, until one 
hour, is a clear function of reaction time and no yield falling was detected. In these conditions no 
formation of solids humins by-products was ascertained. The solution remained yellow/pale orange 
coloured at each sampling that means the absence of dark/black humins by-products.  
Therefore, also next experiments were carried out for a reaction time of one hour, when the higher 
LA yield was ascertained.  
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Figure 5.1: Kinetic profile during hydrolysis (Cfeed= 4.2 wt%, CHCl = 0.5 M, T = 200 °C) 
 
In chapter 4 the role of the electrolyte on cellulose hydrolysis and its importance to accelerate the 
kinetic was widely illustrated. To verify the “salt effect” also for these lignocellulosic biomasses, 
run P1 was replicated without sodium chloride (run P2, see table 5.1). In these conditions, a 
significant lower levulinic acid yield was ascertained.  
Thus, this experiment confirmed the importance of NaCl to facilitate the cellulose hydrolysis 
reaction, likewise it was observed for the waste biomasses. 
 
Runs P3-P6 were carried out in a wide range of temperatures and with the same reaction conditions 
of other experiments, in order to define the best hydrolysis temperature (see LA yields reported in 
table 5.1).  
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Figure 5.2: Effect of temperature on YLA  
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As is clearly shown also in the histogram reported in figure 5.2, the LA yield increased with the 
temperature from 180 till 200 °C and it reached the higher value when the hydrolysis was carried 
out at 200 °C (run P1).  
When the temperature was further increased, the levulinic acid yield dropped to lower values. A 
possible explanation, as seen before, is that with higher temperature, the side reactions that produce 
humins were kinetically favoured. Indeed, the acid catalyzed reactions of glucose, HMF and LA to 
produce humins have higher activation energy than of their hydrolysis reaction and were favoured 
when the temperature was increased. 
 
The other main reaction parameters, acid concentration and biomass initial intake, were investigated 
in successive runs, reported in table 5.2 and 5.3.  
Runs P7-P10 (table 5.2) were carried out at different acid concentrations in respect of run P1-P6, 
performed adopting a HCl molar concentration of 0.5 M. 
 
Run Feedstock 
(g) 
Water 
(ml) 
HCl 
(M) 
NaCl 
(M) 
Ta 
(°C)
ta 
(h) 
Tb 
(°C)
tb 
(h) 
YLA c 
(% wt.)
LA 
(g) 
YLAd 
(%) 
tYLA e 
(%) 
P7 2.5  36 0.25 0.25 80 2 200 1 16.5 0.41 28 40 
P8 2.5  36 0.75 0.25 80 2 200 1 25 0.63 43 60 
P9 2.5 36 1 0.25 80 2 200 1 27 0.7 47 65 
P10 2.5 36 1.3 0.25 80 2 200 1 30 0.75 52 72 
Reaction conditions:  
Substrate: poplar sawdust (cellulose content 57.8 %), Catalysts: Hydrochloric acid; Solvent: Water; N2: 30 atm  
a: first step reaction: biomass pre-treatment 
b: second step reaction: cellulose hydrolysis 
c: LA ponderal yield  
d: LA yield Calculated on biomass cellulose content 
e: LA yield percent on theoretical value 
 
Table 5.2: Poplar hydrolysis to LA: the effect of acid concentration  
 
The acid concentration was halved for run P7 (in respect of P1) and progressively increased from 
run P8 to run P10 (respectively 0.75, 1 and 1.3 M) and the obtained yields were confronted in the 
histogram reported in figure 5.3.  
The yield of LA was improved applying higher acid concentrations. This effect was substantial and 
the yields increased from 28 to 52 % when increasing the acid concentration to 0.25 to 1.3 M. 
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Figure 5.3: Effect of acid concentration on YLA  
 
 
A number of experiments (P11-P14, table 5.3) were performed using various initial intakes of 
biomass (3.25-11.4 wt %) at T = 200 °C and catalyst concentration of 1 M.  
 
 
Run Feedstock 
(g) 
Feedstock 
(wt. %) 
Water 
(ml) 
HCl 
(M) 
NaCl 
(M) 
Ta 
(°C)
ta 
(h) 
Tb 
(°C)
tb 
(h)
YLA c 
(% 
wt.) 
LA 
(g) 
YLAd 
(%) 
tYLA e 
(%) 
P9 2.5 6.4 36 1 0.25 80 2 200 1 27 0.7 47 65 
P11 3.75  8.9 36 1 0.25 80 2 200 1 18.7 0.7 32 45 
P12 5  11.4 36 1 0.25 80 2 200 1 16 0.5 27 39 
P13 1.75  4.3 36 1 0.25 80 2 200 1 29 0.8 50 70 
P14 1.3  3.25 36 1 0.25 80 2 200 1 31 0.4 53 75 
Reaction conditions:  
Substrate: poplar sawdust (cellulose content 57.8 %), Catalysts: Hydrochloric acid; Solvent: Water; N2: 30 atm  
a: first step reaction: biomass pre-treatment 
b: second step reaction: cellulose hydrolysis 
c: LA ponderal yield  
d: LA yield Calculated on biomass cellulose content 
e: LA yield percent on theoretical value 
 
Table 5.3: Poplar hydrolysis to LA: the effect of biomass initial intake 
 
The initial intake of cellulose had a significant effect on the yield of LA.  
Also these findings, as those seen before, were in agreement with the already cited studies on 
biomasses conversion to levulinic acid [17], where the higher yields were reached with low 
biomass/water ratio. 
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Figure 5.4: Effect of biomass intake on YLA  
 
 
5.3 Levulinic acid production from miscanthus 
 
Miscanthus was also provided from Agriculture Department of Pisa University. Since the cellulose 
content was not determined, only the ponderal yield, calculated on the weight of feedstock, was 
reported in the tables. Two biomass types were provided for this study: a miscanthus “as it is” and a 
miscanthus after the steam explosion treatment.  
The steam explosion is a typical biomass industrial pre-treatment aimed to make more easy the 
successive acid attack the cellulose and other polymeric carbohydrates (such as hemicellulose) for 
subsequent breakdown into simple sugars that constitute the polysaccharide (e.g. glucose from 
cellulose and xylose from hemicellulose) [18].  
The steam explosion pulping usually involves the thermal treatment of biomass with water under 
pressure: it is an ultra-high-yield pulping process based on short time (1-10 minutes) vapour phase 
cooking at temperatures in the range of 180 to 230 °C, followed by explosive decompression. The 
pressure is released, causing the biomass to break and explode, with the simultaneous removal of 
part of the lignin. Moreover, this fast pressure decrease causes a further fragmentation of the 
material, creating the increasing of cellulose surface area. 
In fact, with the steam explosion the hemicellulose fraction is converted in soluble products (such as 
oligosaccharides, monosaccharides, acetic acid, furan derivatives like furfural and HMF) with very 
high yields. The solid residue is easy to extract and very reach in cellulose and lignin. During this 
pre-treatment also the lignin is partially removed due to its partial solubilization in the reaction 
medium. During the steam explosion the lignin-carbohydrates bonds are broken and part of lignin 
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was depolymerizated. The hemicellulose degradation and the lignin depolymerization increased the 
cellulose surface area accessible to the acid attack (figure 5.5). 
 
 
 
 
Figure 5.5: Effect of steam explosion pre-treatment on cellulose, hemicellulose and lignin  
 
At first the hydrolysis of simple miscanthus powder was studied: obtained yields and reaction 
conditions were reported in table 5.4. The conditions adopted for this testing runs were very similar 
to those already employed in the study of poplar conversion to levulinic acid. 
Since the yield of levulinic acid was demonstrated to be a clear function of acid concentration, runs 
M1 and M2 were carried out at the higher HCl concentration already tested: 1 and 1.3 M 
respectively. Obviously, when a great quantity of acid catalyst has been employed, a higher 
levulinic acid yield was ascertained (12 against 9 weight percent of the initial biomass quantity). 
Furthermore, as it was clear from the reported data for the other feedstocks, better yield of LA were 
ascertained when low biomass initial intake were employed. For this reason, the successive 
experiments were carried out with the lowest biomass/water ratio, already employed for the other 
biomasses (see runs M3-M5, table 5.4). As it was expected, with the lower biomass intake a better 
levulinic acid yield was attained, that indicating that a greater water/biomass ratio was effective for 
a better catalytic activity. 
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Run Feedstock 
(g) 
Feedstock 
(wt. %) 
Water 
(ml) 
HCl 
(M) 
NaCl 
(M) 
Ta  
(°C) 
ta 
(h) 
Tb  
(°C) 
tb 
(h) 
YLA c 
(wt. %) 
LA 
(g) 
M1 2.5  6.4 36 1 0.25 80 2 200 1 9 0.23 
M2 2.5  6.4 36 1.3 0.25 80 2 200 1 12 0.30 
M3 1.3 3.25 36 1.3 0.25 80 2 200 1 16 0.21 
M4 1.3 3.25 36 1.3 0.25 80 2 210 1 11 0.14 
M5 1.3 3.25 36 1.3 0.25 80 2 190 1 18 0.23 
M6 1.3 3.25 36 1.3 0.25 80 2 180 1 16.5 0.21 
M7 1.3 3.25 36 1.3 0.25 - - 190 1 12 0.16 
M8 1.3 3.25 36 1.3 0.25 80 2 170 1 14 0.18 
M9 1.3 3.25 36 1.3 0.25 80 2 160 1 11 0.14 
M10 1.3 3.25 36 1.3 0.25 80 2 150 1 8 0.1 
M11 1.3 3.25 36 1.3 0.25 80 2 140 1 7 0.09 
Reaction conditions:  
Substrate: miscanthus; Catalysts: Hydrochloric acid; Solvent: Water; N2: 30 atm  
a: first step reaction: biomass pre-treatment 
b: second step reaction: cellulose hydrolysis 
c: LA ponderal  yield  
 
Table 5.4: Miscanthus hydrolysis to LA: the effects of acid concentration and temperature 
 
The temperature was the last reaction parameter tested in this screening. In fact, run M3, that was 
carried out in the better conditions of acid concentration and biomass intake, was replicated in a 
wide range of temperature (see runs M4-M6, table 5.4) and the obtained levulinic acid yields were 
also reported in the histogram of figure 5.6. 
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Figure 5.6: Effect of temperature on YLA  
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It appears clear from the graphic that the yield of levulinic acid increase until 190°C, which is the 
best temperature of the hydrolysis. For a temperature higher than this value, a significant yield 
decrease was ascertained, probably due to the humins formation.  
Until now, various feedstocks have been tested: each time, the best temperature of the hydrolysis 
varied with the characteristics of the biomass employed.  
For this reason it was not possible to determine in advance the most efficient temperature because it 
strongly depends on the composition and characteristics of the biomass.  
In fact, for poplar and for tobacco chops, the highest yields to levulinic acid were ascertained 
respectively at 200 and 210°C. On the other side, when miscanthus was employed as starting 
material, for a temperature higher than 190 °C the humins formation reactions were favoured and a 
remarkable decrease of the yield in levulinic acid was ascertained.  
A possible explanation for the different behaviour with the temperature could be found in the 
composition and structure of each biomass type.  
Biomasses, indeed, are very heterogeneous compounds, and they are constituted from three 
polymers: cellulose, hemicellulose and lignin.  
The relative amounts of these constituents and the way that they were linked each others in the 
biomass are significantly different for every type of the employed material.  
These distinctions cause a different behaviour in various reactions, for example in the acid 
hydrolysis. Probably, in miscanthus, the lignin is not in high concentration and it is not linked very 
strongly to cellulose and hemicellulose fibres like in poplar or in tobacco chops.  
Thus, a temperature of 190 °C could be enough to break the molecular cross linking between lignin 
and hemicellulose and cellulose fibres. If the temperature of the reaction was further increased, the 
reactions towards humins formation will be favoured.  
The importance of pre-treatment step appeared evident in run M7 (table 5.4). Indeed, when run M5 
was replicated without the pre-heating stage at 80°C, a significant yield decrease has been attained 
(12 wt % of levulinic acid against 18 wt % ascertained in run M5). 
The successive runs, reported in table 5.5, were performed employing the miscanthus pre-treated 
with the steam explosion technique. As seen before, the steam explosion permits to obtain a 
biomass more reactive towards the hydrolysis. 
Run M12 and M13 (table 5.5) were carried out respectively under the same reaction conditions of 
run M1 and M2 (table 5.4) in order to make a comparison between the two biomass types. As it is 
evident from the reported levulinic acid yields and from the histogram of figure 5.7, the steam 
exploded biomass is more active and a significant levulinic acid yield increase was ascertained. 
Also successive experiments reported in table 5.5 were performed at the same reaction conditions of 
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the corresponding runs carried out with miscanthus as it is reported in table 5.4. The main reaction 
parameters, already optimized for miscanthus as it is were used in the experiments carried out on 
miscanthus steam exploded.  
 
Run Feedstock 
(g) 
Feedstock 
(wt. %) 
Water 
(ml) 
HCl
(M) 
NaCl 
(M) 
Ta  
(°C) 
ta 
(h) 
Tb  
(°C) 
tb 
(h) 
YLA c 
(wt. %) 
LA 
(g) 
M12 2.5  6.4 36 1 0.25 80 2 200 1 13 0.33 
M13 2.5  6.4 36 1.3 0.25 80 2 200 1 16 0.40 
M14 2.5  6.4 36 1.3 0.25 80 2 200 1 22 0.55 
M15 1.3 3.25 36 1.3 0.25 80 2 210 1 15 0.20 
M16 1.3 3.25 36 1.3 0.25 80 2 190 1 25 0.33 
M17 1.3 3.25 36 1.3 0.25 80 2 180 1 22 0.30 
M18 1.3 3.25 36 1.3 0.25 - - 190 1 24 0.32 
Reaction conditions:  
Substrate: miscanthus steam exploded; Catalysts: Hydrochloric acid; Solvent: Water; N2: 30 atm  
a: first step reaction: biomass pre-treatment 
b: second step reaction: cellulose hydrolysis 
c: LA ponderal yield  
 
Table 5.5: Miscanthus steam exploded hydrolysis to LA:  
the effect of acid concentration and temperature 
 
The significant high reactivity of the biomass steam exploded is clearly shown by the comparison 
histogram reported in figure 5.7. In this figure, the yield of levulinic acid obtained from the two 
types of miscanthus and at the same conditions were confronted. In every case, when miscanthus 
steam exploded was employed, a remarkable yield increase was attained. 
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Figure 5.7: Comparison between miscanthus as it is  
and steam exploded miscanthus activity (YLA)  
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As it is clear from the histogram, the behaviour of biomass remained the same: low biomass initial 
intake, high acid molar concentration of 1.3 M and a temperature of 190 °C were the best reaction 
conditions. Only one significant difference was ascertained between the two employed biomass and 
it appeared evident from the comparison between runs M7 and M18, both carried out without the 
pre-heating stage. 
Run M7, as seen before, registered a levulinic acid yield decrease, whereas for run M18 almost the 
same levulinic acid quantity was obtained. This experimental evidence could be explained taking 
into account that the miscanthus steam exploded is a biomass which was already pre-treated, thus 
did not require any other treatment to facilitate its hydrolysis. 
 
 
5.4 Levulinic acid production from Arundo donax 
 
The giant reed Arundo Donax is the most extensively studied biomass in last few years. It was 
evaluated its employment as biomass for energy production, but its conversion to bulk chemicals 
like levulinic acid was never mentioned before in literature. In this part of the present work of thesis, 
the optimization of main reaction parameters in order to obtain high conversion to levulinic acid has 
been proposed for the first time ever. At the Agriculture  Department of our University, which 
provided this biomass, the variation of main biomass constituents (cellulose, hemicellulose and 
lignin) during the growing and the harvest time was studied. Various arundo donax types, 
characterized from different relative amounts of cellulose, hemicellulose and lignin, were provided. 
Therefore, the study on this biomass hydrolysis was also focused on levulinic acid yield 
optimization during the different harvest time. Preliminary runs were carried out in order to set up 
the best reaction conditions and successively, the hydrolysis was performed on the various crops 
collected in different seasons and periods of the year. 
 
 
5.4.1 Initial catalytic screening 
 
First runs, reported in table 5.6, were carried out on Arundo Donax eco-type named Torviscosa, 
cultivated in Pisa, collected on October and containing 36.58 weight percent of cellulose, 29.27 % 
of hemicellulose, 10.70 % of lignin and 3.66 % of inorganic salts and hashes.  
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The reaction conditions adopted for these experiments were almost the same already employed for 
the other biomasses. The initial biomass intake adopted for run A1 was higher than the optimized 
value used for poplar because it was taken into account the significant lower cellulose content (36 
instead 58 weight percent). Hence, the cellulose initial intake was almost the same for poplar and 
arundo donax runs. 
The levulinic acid obtained in run A1 was high: 0.6 grams, corresponding to a yield of 28 % 
calculated on cellulose content, equal to 61 percent of theoretical value. When the experiment A1 
was replicated with higher acid concentrations (runs A2 and A3, see table 5.6), a yield increase, as 
obviously expected, was ascertained. The yield increase from run A2 to run A3, carried out with a 
higher acid concentration, is evidenced from the histogram reported in figure 5.8. 
Runs A2 and A3 were replicated with lower initial biomass intakes (runs A4 and A5, table 5.6). In 
these reaction conditions, a further yield increase was observed in both cases and run A5, performed 
with the highest acid concentration permitted the reaching of the best results ever reported. In fact, a 
ponderal yield of levulinic acid equal to 22 weight percent, corresponding to 84 percent of the 
maximum theoretical yield was ascertained. 
 
 
Run Feedstock 
(g) 
Feedstock 
(wt. %) 
Water 
(ml) 
HCl
(M) 
NaCl 
(M) 
Ta 
(°C)
ta 
(h) 
Tb 
(°C)
tb 
(h) 
YLA c 
(% wt.) 
LA 
(g) 
YLAd 
(%) 
tYLA e 
(%) 
A1 3.75  8.9 36 0.75 0.25 80 2 200 1 16 0.6 43 61 
A2 3.75  8.9 36 1 0.25 80 2 200 1 18.3 0.7 50 70 
A3 3.75  8.9 36 1.3 0.25 80 2 200 1 20 0.75 54 76 
A4 2.5 6.2 36 1 0.25 80 2 200 1 19.5 0.49 53 74 
A5 2.5 6.2 36 1.3 0.25 80 2 200 1 22.2 0.56 60 84 
A6 2.5 6.2 36 1.3 0.25 - - 200 1 14.6 0.37 40 55 
Reaction conditions:  
Substrate: Arundo Donax (36.6 wt % cellulose content), Catalysts: Hydrochloric acid; Solvent: Water; N2: 30 atm  
a: first step reaction: biomass pre-treatment 
b: second step reaction: cellulose hydrolysis 
c: LA ponderal yield  
d: LA yield calculated on biomass cellulose content 
e: LA yield percent on theoretical value 
 
Table 5.6: Arundo Donax hydrolysis to LA: the effect of acid concentration and biomass intake 
 
Graphic reported in figure 5.8 shows the biomass intake and acid concentration effect on yield of 
levulinic acid: with high acid molar concentration and low biomass/water ratio, the highest yield 
value has been obtained. 
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Figure 5.8: The effect of acid concentration and biomass initial intake on YLA  
 
As observed before, lots of data from the literature affirmed that LA yields of about two thirds of 
the theoretical yield have been claimed [19] the yield values being lowered by the formation of the 
undesired humins, which can also cause the clogging of the reactor. In the cases illustrated in table 
5.6, the high obtained levulinic acid yields confirmed the lower amount of by-product formed in 
these reaction conditions. Likewise in the previous experiments carried out on different biomasses, 
also the colour of the solution, pale orange/yellow, confirmed the absence of black humins 
formation. 
Run A6 was carried out in the analogous conditions of run A5 but without the pre-treatment step. 
Since the amount of levulinic acid ascertained in these conditions was lower (14 instead 22 wt %), it 
appeared evident that the first step was necessary to reach high conversion of the biomass. With a 
pre-heating before the hydrolysis is possible to activate the cellulose toward its de-polymerization 
because part of the hemicellulose fibres were solubilized. 
 
In the successive experiments, reported in table 5.7, the effect of hydrolysis temperature was 
investigated. Therefore, run A5, where the other reaction parameters have been optimized, was 
replicated in the range of temperature from 180 till 210 °C. The temperature range investigated was 
less wide than that employed for miscanthus (140-210 °C) because it was demonstrated in last 
paragraph that significant levulinic acid yield values has been obtained for temperature higher than 
180 °C. 
The obtained ponderal yields of levulinic acid were also reported in the histogram of figure 5.9. As 
it is evident from the graphic, 190 °C is the best temperature for the hydrolysis of arundo donax.  
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It was already demonstrated in the study reported in last paragraph that 190°C  was the best reaction 
temperature also in the case of  miscanthus. On the other side, when poplar was employed as 
starting material, the higher temperature of  200°C was necessary to reach the highest yield. 
 
Run Feedstock 
(g) 
Feedstock 
(wt. %) 
Water 
(ml) 
HCl
(M) 
NaCl 
(M) 
Ta 
(°C)
ta 
(h) 
Tb 
(°C)
tb 
(h) 
YLA c 
(% wt.) 
LA 
(g) 
YLAd 
(%) 
tYLA e 
(%) 
A7 2.5 6.2 36 1.3 0.25 80 2 210 1 20 0.5 35 76 
A8 2.5 6.2 36 1.3 0.25 80 2 220 1 18 0.45 31 68 
A9 2.5 6.2 36 1.3 0.25 80 2 190 1 22.8 0.57 39.3 86 
A10 2.5 6.2 36 1.3 0.25 80 2 180 1 21 0.53 36.2 79 
Reaction conditions:  
Substrate: Arundo Donax (36.6 wt % cellulose content), Catalysts: Hydrochloric acid; Solvent: Water; N2: 30 atm  
a: first step reaction: biomass pre-treatment 
b: second step reaction: cellulose hydrolysis 
c: LA ponderal yield  
d: LA yield Calculated on biomass cellulose content 
e: LA yield percent on theoretical value 
 
Table 5.7: Arundo Donax hydrolysis to LA: the effect of temperature 
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Figure 5.9: The effect the hydrolysis temperature on YLA  
 
It is possible to conclude that, for herbaceous biomasses, the required hydrolysis temperature is 
lower in respect of that necessary for lignocellulosic materials. A possible explanation of this 
experimental evidence could be found in the different characteristics of the starting materials: the 
cellulose present in annual and herbaceous materials is less strongly linked to other fibres and thus 
easier to hydrolyze.  
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5.4.2 Study on best harvesting time of arundo donax 
 
In the successive part of this experimental study, the correlation between the harvesting time of the 
biomass and the ponderal yield to levulinic acid has been evaluated. In the perspective of a future 
industrial application, it is fundamental to know the effects of this correlation. If the harvesting time 
influences LA yield, it is important the knowledge of the period which allows to reach maximum 
yield, in order to determine the production cost of the biomass and in order to optimize the 
productivity of the biorefinery. 
Also in this case, the feedstocks were purchased from the researcher of the Agriculture Department 
of Pisa. They realized an experimentation at the Interdepartmental Centre of Agro-Ambient 
Researches “E. Avanzi” in San Piero a Grado, Pisa, located in the park of Migliarino-San Rossore- 
Massaciuccoli. This experimentation started in 2002 with the goal to make a comparison between 
various biomasses about the production characteristics, in order to individuate the best harvesting 
time when the biomass is then employed for valorisation (energetic or chemical conversion).  
In the case of Arundo Donax, two different ecotypes were considered: Rottaia (4 and 7 years) and 
Torviscosa (4 years). During one single growing season, from July to November, various arundo 
donax samples were collected; the sampling has been done on monthly cadence.  
The cellulose content in all these samples was analyzed and the biomasses were hydrolyzed to 
obtain LA.  
The reaction conditions adopted in this screening, were those already optimized in the last 
paragraph (see run A9, table 5.7): biomass intake 2.5 wt %, acid concentration 1,3 M, pre-treatment 
stage at 80 °C, NaCl 0.25 M, hydrolysis performed at 190 °C.  
For this screening, it has been decided to use the microwave (MW) oven CEM as heating source. 
Comparative studies demonstrated that the obtained yields of LA of runs carried out in autoclave or 
in MW oven were the same. The significant difference between the two methods is that with MW 
oven is possible to work with lower amounts of reagents in small glass test tube and the heating 
time is remarkably shorter. Therefore, for a exploratory study on the best harvest time, the 
microwave approach appeared the most effective and quick. 
Every experiment was replicated two times and the medium yield value obtained was reported for 
each run. 
The trends of levulinic acid yield in function of harvest time for various arundo donax ecotypes 
(ecotypes: rottaia 4 years, rottaia 7 years and torviscosa 4 years) were shown respectively in the 
histograms reported in figures 5.10, 5.11 and 5.12.  
For each sample, in histogram the levulinic acid ponderal yield, the cellulose content, the percent on 
maximum theoretical yield and the ponderal yield of dry feedstock yield were reported. 
Chapter 5: Levulinic acid from dedicated crops 
 - 107 - 
From a first evaluation of the obtained data, it is possible to find a correlation between the harvest 
time and the ponderal levulinic acid yield. In fact, a general rise of yield of levulinic acid in the 
period from July-August has been observed for all the biomass ecotypes.  
After September (when the LA yield remained almost constant) a LA yield decrease has been 
observed. The lowest LA yield has been attained from biomass sampled in the period October- 
November. Thus, it is possible to affirm that august/september is the most convenient harvesting 
period. 
A possible explanation of this evidence could be found looking at the relative cellulose, 
hemicellulose and lignin amounts present in each sample of biomass. With low cellulose content, 
lower levulinic acid ponderal yields were ascertained. In general, when the cellulose percent is 
lower, the lignin content is higher. The high lignin content, which rises with the growing of the 
plant, has a negative effect on biomass degradation. It was widely explicated that the main function 
of lignin was to act as a glue, holding together cellulose and hemicellulose fibres. Thus, when the 
biomass presents a higher lignin weight percent, the cellulose is also less disposable toward its 
hydrolysis.   
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Figure 5.10: YLA and cellulose content in function of harvest time (Arundo D. Rottaia - 4 years) 
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Figure 5.11: YLA and cellulose content in function of harvest time (Arundo D. Rottaia -7 years) 
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Figure 5.12: YLA and cellulose content in function of harvest time  
(Arundo D. Torviscosa -4 years) 
 
Another important evaluation of the data, in order to choose the best arundo donax ecotype, was 
given by the yield of the dried sampled feedstock. The yield values of the dried feedstock (the last, 
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dark grey bar reported in the histograms) were similar for the ecotype Rottaia 4 and 7 years. On the 
other side, those for the ecotype Torviscosa 4 years were lower. Also the LA yields, were lower for 
this type of starting material. It appears evident from these experimental evaluation that the 
Torviscosa ecotype is the less promising for an industrial application point of view. 
 
 
5.5 Conclusions 
 
In conclusion, in this work, for the first time, levulinic acid from arundo donax, poplar sawdust and 
miscanthus was obtained. These three biomasses were until now cultivated and studied only for 
energetic uses. With this work, a new “green” route for their employment, as sources for important 
bulk chemicals, has been shown. It has been demonstrated that levulinic acid could be obtained 
from these biomasses with very high yields, working with dilute acid and in the presence of an 
electrolyte, which favours the carbohydrates hydrolysis. The ascertained yields were very high, 
taking also into account that lots of references reported that the yields reaches only 66 % of 
maximum theoretical yield. In the illustrated cases, the yields were higher than this value. When 
arundo donax was employed as starting material, a levulinic acid amount corresponding to 86 % of 
theoretical value was attained. 
The maximum yields of levulinic acid obtained respectively from arundo donax (run A9, table 5.7) 
and from poplar (run P14, table 5.3) were confronted. Levulinic acid obtained from miscanthus 
could not be reported in this comparison because the cellulose percent was not determined and it 
was impossible to evaluate the obtained yield in respect of the maximum theoretical value. 
From arundo donax, in the best reaction conditions, a yield equal to 86 percent of theoretical value 
was ascertained whereas from poplar the maximum quantity of LA was 75 % of theoretical yield. 
This fact could be explicated thinking that the cellulose of giant reed was less linked to other fibres 
of biomass and it was more disposable to acid attack and easier to be hydrolyzed. 
On the giant reed, a deep study has been completed in order to make a comparison between various 
ecotypes (Rottaia and Torviscosa) and to evaluate the best harvesting period. It was concluded that 
the Rottaia type, sampled preferably in September, gives the best yield evaluated on dried material 
and the best ponderal yield of levulinic acid. These results, achieved on arundo donax, have been 
patented by our research group [20]. 
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Chapter 6 
Levulinic acid and its esters reduction to γ-valerolactone  
6 Levulinic acid reduction to gammavalerolactone (GVL) 
6.1 Levulinic acid reduction to γ-valerolactone: state of art 
 
As reported in the third chapter, hydrogenation of levulinic acid can produce γ-valerolactone (GVL, 
figure 6.1), a potentially useful polyester monomer (as hydroxyvaleric acid), 1,4-pentanediol, also 
of value in polyester production, methyl-tetrahydrofuran, a valuable solvent or a gasoline blending 
component, and diphenolic acid with potential use in polycarbonate production. 
The present chapter focuses exclusively on the catalytic conversion of biomass-derived levulinic 
acid and its esters to γ-valerolactone by various supported metal catalysts.  
 
O
O
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O
O
GVL
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Figure 6.1: Reduction of levulinic acid and ester to GVL  
 
Horváth demonstrated that γ-valerolactone exhibits the most important characteristics of an ideal 
sustainable liquid, which could be used for the production of energy and carbon based consumer 
products. GVL is renewable, easy and safe to store and move in large quantities: it has a low 
melting temperature (-31 °C), a high boiling point (207 °C), an open cup flashing temperature of 96 
°C, and a definitive but acceptable smell for easy recognition of leaks and spills. 
GVL is a very interesting sustainable liquid for global storage/transportation and a renewable 
hydrocarbon resource for energy and carbon-based consumer products [1].  
Furthermore, GVL is a versatile intermediate because is an important precursor for biomass-derived 
acrylic monomers and it is also a valuable fuel additive liquid for energy. Moreover it is used in 
perfumes and food industries, in fuels addictives, as solvent for lacquers, insecticides, adhesives. 
GVL is employed in polymer synthesis for the bio-nylon preparation [2]. 
For LA hydrogenation reaction homogeneous and heterogeneous catalysts are employed.  
The heterogeneous systems are platinum, ruthenium, rhenium, copper, rhodium, iridium and 
palladium catalysts [3-14] and the homogeneous are ruthenium and rhodium complexes [15-20].  
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Both heterogeneous and homogeneous processes reported in literature have their disadvantages for 
the industrial application. Employing the heterogeneous catalyst high yields have been reported for 
very long reaction time (50 hours) or drastic reaction conditions such as high temperature or 
pressure. 
Furthermore, the heterogeneous processes with higher yields proposed by Manzer [11-13] are not 
environmentally benign, because a harmful and corrosive solvent is used in the process, such as 1,4-
dioxane. 
Poliakoff et al. [14] have found that 1,4-dioxane, used by Manzer, can be replaced by water and 
supercritical CO2. They worked at lower pressure (10 atm) but with higher LA concentration and 
larger hydrogen excess compared to LA used. They demonstrated that, using water as co-solvent in 
supercritical CO2 (scCO2), LA can be converted to GVL with a high yield of more than 99 %. 
The homogeneous catalysts are very soluble in reaction media, very active, more efficient tha 
heterogeneous ones but they are not sustainable in an application point of view because they present 
the obvious problem of the complexity of catalyst recovery for its recycle and products purification 
systems.    
One of the outlines of this thesis is the study of a new efficient process for the catalytic conversion 
of levulinic acid to gamma valerolactone in respect of green conditions. Furthermore, we studied 
the direct conversion of biomass to the product GVL in a “one pot” way (figure 6.2). 
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Figure 6.2: From biomass to fine-chemicals 
 
 
6.2 Levulinic acid reduction with Ruthenium system  
 
Initial screening of the hydrogenation reaction of levulinic acid to GVL involved ruthenium 
catalysts containing 5 % of metal on two different supports: carbon and alumina. 
Ruthenium has been demonstrated to be the most active catalyst for hydrogenation of aliphatic 
carbonyl compounds [21].  
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The surface area, pore size, particle size distribution, metal dispersion, crystallinity, composition of 
the support, reducibility of the precursors, hydrogen spill over, traces of elements with modification 
effects, etc., are factors governing the performance of the catalysts [22].  
All hydrogenation runs were carried out in a stainless steel autoclave pressurized at the chosen 
hydrogen pressure (see experimental session). The runs were carried out on a 5 % wt. solution of 
levulinic acid in the chosen solvent and, in order to compare the results of different runs and the 
kinetic profiles, the reaction mixture has been sampled at the chosen times of 30 min, 1, 2, 3, 4, and 
5 hours. The solutions were examined by Gas Chromatographic and GC-MS analysis. 
Results from the hydrogenation of LA without catalyst indicate that no hydrogenation reaction 
occurred in absence of a catalytic system. At first, the performances of the commercial Fluka 
catalyst (see experimental section) 5% wt. Ru/Al2O3 have been tested. In table 6.1 the experimental 
conditions of these reactions have been reported. 
 
The conversion of a reactant is usually defined as: 
LA Conversion (%) = 100
)(
)()( ×−
beforeLAMol
afterwardsLAMolbeforeLAMol  
 
The only found by-product, when an alcohol was employed as reaction medium was a very little 
amount of alkyl-levulinate, obtained by the esterification reaction of substrate. Since the 
esterification is a reversible reaction, for longer reaction time, the selectivity towards GVL 
increased. Furthermore, the alkyl levulinate can not be defined as a real by-product because also the 
ester can hydrogenate to GVL, even more slowly. Hence, the presence of alkyl levulinate slows 
down the kinetic of the reaction. 
The selectivity of the products in all reaction tests was calculated with the following equation, 
considering that esterification by-products (alkyl levulinate) were always formed working in 
alcohol as solvent: 
GVL Selectivity (%) = 100
)()(
)( ×+ inateAlkylLevulMolGVLMol
GVLMol  
 
The yield is calculated as: 
GVL Yield (%) = %% ySelectivitConversion ×  
 
The first hydrogenation experiment, (run H1, table 6.1) was carried out on levulinic acid at 70 
hydrogen atmospheres and at a temperature of 180 °C working in ethanol. Ruthenium on alumina 
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was employed as commercial catalyst. The selectivity towards the production of GVL is upper than 
95 % for reaction time over 4 hours. 
 
Conversion levulinic acid
(% mol) 
Selectivity to GVL 
(% mol) 
Run P-H2  
(atm)
T  
(°C) 
30’ 1h 2h 3h 4h 5h 30’ 1h 2h 3h 4h 5h 
H1 70 180 33 60 74 80 82 84 85 88 89 92 97 97 
H2 70 130 22 48 63 71 75 77 88 92 94 95 96 96 
H3 70 100 16 31 42 52 60 66 87 92 94 94 95 96 
H4 70 70 12 23 33 42 52 60 88 89 96 94 95 98 
H5 30 70 6 15 20 26 31 36 90 91 93 92 96 98 
H6 70 50 2 5 11 16 21 29 90 93 93 95 95 96 
H7 100 50 3 6 13 19 26 37 89 90 91 92 96 99 
Reaction conditions: Catalyst: Ru/Al2O3 5% 9.89 µmol of Ru; Solvent: Ethanol 40 ml; Levulinic acid: 0.017 mol;  
 
Table 6.1: Hydrogenation of LA in the presence of Ru/Al2O3:  
the effect of main reaction parameters working in ethanol 
 
In run H1, after a reaction time of 5 hours, a 84 % molar substrate conversion was obtained with 
high yield to GVL because of the very high selectivity (97 %).  
Consecutively, catalytic performances have been studied at lower reaction temperatures. The runs 
from H2 to H4 were carried out decreasing the temperature respectively at 130, 100 and 70 °C. 
Remarkable conversions and selectivities in all reactions (selectivity up 87 % at 30 min and higher 
than 96% in each runs for reaction time upper 4 hours, see table 6.1) were observed. Therefore, it 
has been decided to work at mild temperatures for next runs because at a low temperature as 70 °C 
(run H4, table 6.1)  a promising yield of GVL was achieved, too.  
In figure 6.3 the yield profiles at various temperatures have been reported. Elevated temperature 
promoted the diffusion of hydrogen in ethanol solution. On the other hand, the hydrogenation is a 
reversible exothermic process.  
The increase of temperature is not so favourable for the extent of the reaction. Thus, from 130 to 
180 °C, no much difference of substrate conversion has been obtained: after 5 hours we obtain 77 % 
LA conversion at 130 °C against 84 % at 180°C.  
The graphic of figure 6.3 shows the kinetic of the reaction. With the extension of time, the 
conversion of LA and the selectivity of GVL grew very fast at the beginning of the reaction. After 2 
hours of reaction, the pace of progress became slower. For run H1 and H2, when reaction time 
exceeds 3 hours, the pace of progress reached a plateau. Thus, one can conclude that the most 
effective reaction time for catalytic hydrogenation of LA to GVL is, under the adopted conditions, 3 
hours.  
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Figure 6.3: LA hydrogenation at various temperatures 
 
In the successive experiments (H5-H7, see table 6.1) the effect of hydrogen pressure has been 
studied. The concentration of hydrogen dissolved in ethanol solution follows Henry’s law. Hence, 
the increase of hydrogen concentration with the enhancement of the hydrogen pressure leads to an 
increase of reaction rate. Run H5 was performed at lower hydrogen pressure than H4: 30 instead of 
70 atmospheres. This big pressure reduction affected very much the substrate of the hydrogenation 
reaction: after 5 hours the LA conversion was 36 % instead of 60 %.  
Run H6 was carried out at lower temperature but at the same pressure than H4 (50 °C instead of 70 
°C, see run H6, table 6.1): in this case, the molar conversion dropped from 60 to 29 percent.  
When run H6 was replicated at higher pressure, 100 atmospheres (run H7, table 6.1), employing the 
same temperature of 50 °C, the ascertained LA conversion remained lower than run H4.  
These last three runs suggested that the temperature was a parameter more effective than the 
hydrogen pressure. From an industrial point of view, it is better working at higher temperature than 
at high hydrogen pressure and it has been decided, for all successive runs, to adopt the maximum 
reaction pressure of 100 hydrogen atmospheres and the maximum temperature of 70 °C.  
 
The following series of experiments (runs H8÷H11, see table 6.2) were performed in methanol 
because of the higher Henry’s coefficient for hydrogen in this solvent [23]. Hence, at the same 
pressure, a higher amount of hydrogen can be solved in the reaction medium. 
If the runs H8÷H11 were compared with the corresponding ones carried out in ethanol (H4÷H7, 
table 6.1) in all cases higher conversions of LA and higher selectivities to GVL were attained. 
Obviously, the obtained by-product was methyl-levulinate, resulted from the esterification reaction 
of substrate with methanol. 
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Conversion levulinic acid
(% mol) 
Selectivity to GVL 
(% mol) 
Run P-H2  
(atm)
T  
(°C) 
30’ 1h 2h 3h 4h 5h 30’ 1h 2h 3h 4h 5h 
H8 70 70 18 28 41 50 61 72 88 92 90 96 97 98 
H9 30 70 8 19 27 36 40 43 90 93 93 95 96 98 
H10 70 50 3 5 12 18 28 36 86 92 96 97 95 97 
H11 100 50 4 7 17 26 38 52 87 90 91 97 94 96 
Reaction conditions: Catalyst: Ru/Al2O3 5% 9.89 µmol of Ru; Solvent: Methanol 40 ml; Levulinic acid: 0.017 mol;  
 
Table 6.2: Hydrogenation of LA in the presence of Ru/Al2O3: the effect of main reaction 
parameters working in methanol 
 
In the histogram reported in figure 6.4 the GVL yields obtained after 5 hours for the same runs 
carried out in methanol and in ethanol were compared. It is possible to notice that using methanol as 
solvent, best results have been reached than that obtained in ethanol due of the higher Henry’s 
coefficient for hydrogen in this solvent . 
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Figure 6.4: GVL yield after 5 h for different conditions and solvents 
 
The runs reported in table 6.3 were carried out in acetic acid. In this case, it was made possible to 
obtain GVL with total selectivity.  
Indeed, working with acetic acid, there was not any alcohol in reaction mixture, so no esterification 
occurred: the only detected product was GVL.  
The GVL yields reached in the runs reported in table 6.3 were compared to those of the 
corresponding runs performed in alcoholic solvents. In every conditions, the runs carried out in 
acetic acid gave the best results. 
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Conversion levulinic acid
(% mol) 
Selectivity to GVL 
(% mol) 
Run P-H2  
(atm) 
T  
(°C) 
30’ 1h 2h 3h 4h 5h 30’ 1h 2h 3h 4h 5h 
H12 70 50 7 11 28 50 63 78 100 100 100 100 100 100 
H13 70 70 20 31 50 65 76 80 100 100 100 100 100 100 
H14 100 50 16 23 38 55 87 98 100 100 100 100 100 100 
H15 50 70 15 29 44 68 83 97 100 100 100 100 100 100 
H16 50 50 2 5 10 26 36 47 100 100 100 100 100 100 
H17 30 70 12 20 33 40 47 53 100 100 100 100 100 100 
Reaction conditions: Catalyst: Ru/Al2O3 5% 9.89 µmol of Ru; Solvent: Acetic Acid 40 ml; Levulinic acid: 0.017 mol;  
 
Table 6.3: Hydrogenation of LA in the presence of Ru/Al2O3: the effect of main reaction 
parameters working in acetic acid 
 
With the use of acetic acid as reaction medium, not only it was possible to avoid any by-products 
formation, and also, because of the higher Henry’s coefficient of hydrogen in acetic acid, the 
reaction rate was much higher than the corresponding ones for reactions carried out in ethanol or 
methanol. Moreover, the acidity of the reation medium can help the reaction, which involves a 
dehydration step. 
The graphic reported in figure 6.5 compares the GVL yield obtained after 3 hours at different 
reaction conditions and adopting the three different solvents proposed. 
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Figure 6.5: GVL yield after 3 h for different conditions and solvents 
 
Working at mild reaction conditions of only 70 °C and pressure of 50 hydrogen atmospheres (run 
H15, table 6.3) its enough to obtain the complete conversion of the substrate to GVL without 
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formation of any by-products. These results were very promising for the successive development of 
the research. 
After the initial study, the performances of another commercial catalyst, 5 % wt. ruthenium 
supported on charcoal (purchased from Engelhard) have been investigated in the hydrogenation of 
LA. It was decided to adopt the milder conditions because it was already demonstrated in the last 
runs that it was possible to hydrogenate LA at low temperature and pressure. 
The hydrogenation has been tested in the three solvent already employed for the system supported 
on alumina: ethanol, methanol and acetic acid.  
First runs were carried out in ethanol. As shown in table 6.4, the catalytic activities of ruthenium on 
charcoal (runs H18, H19) were better than those obtained with the alumina supported catalyst 
(Ru/Al2O3).  
 
Conversion levulinic acid
(% mol) 
Selectivity to GVL 
(% mol) 
Run P-H2 
(atm)
T  
(°C) 
30’ 1h 2h 3h 4h 5h 30’ 1h 2h 3h 4h 5h 
H18 70 70 31 40 56 78 85 91 96 98 98 97 100 100 
H19 30 70 21 36 51 65 70 72 94 97 98 99 100 100 
H20 15 70 11 17 24 31 40 47 93 93 95 95 99 100 
Reaction conditions: Catalyst: Ru/C 5% 9.89 µmol of Ru; Solvent: Ethanol 40 ml; Levulinic acid: 0.017 mol;  
 
Table 6.4: Hydrogenation of LA in the presence of Ru/C:  
the effect of main reaction parameters working in ethanol 
 
For both runs, compared to which carried out with the alumina supported system, higher conversion 
and selectivity to GVL were obtained. 
This best catalytic activity of Ru on charcoal against Ru on alumina could be explained by 
observing the difference of catalyst surface area characteristics .  
As a matter of fact, the surface area of 5 % Ru/Al2O3 measured was 220 m2/g, meanwhile the 
surface area of 5 % Ru/C was measured to be 980 m2/g (for B.E.T. surface area measures see 
experimental section).  
This big difference could indicate that charcoal supported system is characterized by a larger 
amount of active sites. Therefore, it seems reasonable that the difference between the activity of two 
ruthenium supported catalysts, charcoal and alumina, might have been ascribed to the difference in 
surface area. One of the explanation of the higher catalytic activity of Ru/C could be a combination 
of the small size of the particle and the high surface metal dispersion degree. 
Furthermore, it was also observed that, by using ruthenium on charcoal, the system was not only 
more active but also more selective towards GVL production.  
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Indeed, with this catalyst, a lower amount of alkyl-levulinate as by-product was obtained. This fact 
could be explained considering that esterification is an acid catalyzed equilibrium reaction. Since 
alumina is a more acid support it could promote the esterification better than a neutral charcoal 
support. Also alkyl levulinates could be hydrogenated to GVL, but the lactonization rate of an ester 
is lower than that of a carboxylic acid.  
Thus, it is also possible to affirm that the hydrogenation carried out with Ru/Al2O3, is also a less 
active because a major amount of ester was produced.  
Since the ruthenium on charcoal catalyst showed to be so active, run H20 (see table 6.4) was carried 
out at the low pressure of 15 atmospheres (table 6.4). Satisfactory conversion and selectivity were 
recorded also at this mild pressure.  
The run H18 and H19 have been replicated adopting respectively methanol (runs H21-H22, table 
6.5)  
 
Conversion levulinic acid
(%mol) 
Selectivity to GVL 
(%mol) 
Run P-H2  
(atm) 
T  
(°C) 
30’ 1h 2h 3h 4h 5h 30’ 1h 2h 3h 4h 5h 
H21 70 70 33 42 58 80 90 97 93 96 97 99 99 100 
H22 30 70 23 38 55 68 73 76 95 98 99 98 100 100 
Reaction conditions: Catalyst: Ru/C 5% 9.89 µmol of Ru; Solvent: Methanol 40 ml; Levulinic acid: 0.017 mol;  
 
Table 6.5: Hydrogenation of LA in the presence of Ru/C:  
the effect of pressure working in methanol 
 
and acetic acid (runs H23-H24, table 6.6) analogously to that has been done in the screening with 
the previous catalytic system Ru/Al2O3. 
 
Conversion levulinic acid
(%mol) 
Selectivity to GVL 
(%mol) 
Run P-H2 
 (atm) 
T  
(°C) 
30’ 1h 2h 3h 4h 5h 30’ 1h 2h 3h 4h 5h 
H23 70 70 40 52 70 80 93 99 100 100 100 100 100 100 
H24 30 70 26 48 65 75 81 84 100 100 100 100 100 100 
Reaction conditions: Catalyst: Ru/C 5% 9.89 µmol of Ru; Solvent: Acetic Acid 40 ml; Levulinic acid: 0.017 mol;  
 
Table 6.6: Hydrogenation of LA in the presence of Ru/C:  
the effect of pressure working in acetic acid 
 
Likewise the runs carried out with ruthenium supported on alumina, the catalytic performances 
were better in methanol than in ethanol. Furthermore, for this system acetic acid was the best 
solvent for LA hydrogenation too.  
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In run H24, carried out at a temperature of 70 °C and a hydrogen pressure of 30 atmospheres, 
almost the complete conversion of substrate with total selectivity to GVL has been occurred. 
In figure 6.6, the GVL yield profile in the time has been reported. It is evident from the graphic as 
acetic acid was the best solvent for the reaction.  
Paying attention to the kinetic profile for run H24 shown in figure 6.6, it is observed that, after one 
hour, 50 % of molar substrate conversion to GVL was obtained.  
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Figure 6.6: H22, H18 and H24 kinetic profile 
 
These obtained preliminary results were very satisfactory, therefore it has been decided to extend 
the study of the catalyst performances to a green solvent such as water.  
Another big advantage of the water is the possibility to avoid substrate esterification by-products 
formation. Also with acetic acid there were no esterification reactions but this solvent is not so 
acceptable from an industrial and environmental point of view. 
 
In table 6.7 the reaction condition for the hydrogenation using water as solvent are reported.  
 
Conversion levulinic acid
(%mol) 
Selectivity to GVL 
(%mol) 
Run catalyst P-H2  
(atm) 
T  
(°C) 
30’ 1h 2h 3h 4h 5h 30’ 1h 2h 3h 4h 5h 
H25 Ru/Al2O3 5 % 30 70 5 10 18 24 28 36 100 100 100 100 100 100 
H26 Ru/C 5 % 30 70 15 22 36 48 55 61 100 100 100 100 100 100 
Reaction conditions: Catalyst: 9.89 µmol of Ru; Solvent: Water 40 ml; Levulinic acid: 0.017 mol;  
 
Table 6.7: Comparison between Ru/C and Ru/Al2O3 in hydrogenation of LA working in water 
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Mild reaction conditions have been adopted for following runs and the two ruthenium catalysts 
already tested have been employed. 
Working in water, the reaction rate was slower than in the other tested solvents, but the GVL yield 
obtained was comparable to those obtained working in ethanol: in figure 6.7 the yield comparison 
for the same run carried out in four solvents has been reported. 
 
By observing the graphic of figure 6.7, it is evident that, as seen before for the other solvents, the 
ruthenium on charcoal was the more active and selective system also when the experiments were 
conducted in water. 
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Figure 6.7: GVL molar yields comparison for various solvent and catalysts 
 
These results are very hopeful for future process developing. In fact, even tough the runs carried out 
in water gave the lowest yields of GVL, the results were remarkable.  
Besides, water is a green solvent, optimal for industrial applications and it permits to avoid the 
formation of alkyl-levulinate as by-products.  
In addition, thinking about an “one pot” conversion to GVL of a biomass in an aqueous solution or 
a slurry, the use of water in this initial screening appears very promising.  
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6.3 The mechanism of levulinic acid reduction to GVL 
 
The conversion of levulinic acid to GVL may proceed by two different mechanisms (see figure 6.8): 
 
I. via hydrogenation of LA to 4-Hydroxyvaleric acid followed by esterification to gamma 
valerolactone; 
 
II. via esterification of the enol form of levulinic acid to angelica lactone followed by 
hydrogenation to the desired product GVL. 
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Figure 6.8: The two possible mechanisms for the LA hydrogenation 
 
For a better comprehension of the real reaction pathway, during the experimentation, the products 
were analyzed also in GC-MS. Products were detected as ethyl levulinate, GVL, pseudo LA, γ-
hydroxyvaleric acid, and LA.  
The presence of the product of the direct hydrogenation of LA, γ-hydroxyvaleric acid, suggested 
that the reaction followed the first proposed mechanism. Thus, in figure 6.9, a reaction pathway has 
been proposed. 
The ethyl levulinate is the product of esterification reaction of the substrate with the solvent, but 
counter-reaction of the esterification reaction will take place with the release of LA.  
A little amount of pseudo-LA coexists in reaction solution: both of them have a reciprocal 
transformation [24].  
The amount of isomers of LA gradually decreased as the reaction progressed. Hydrogenation of LA 
first yields to γ-hydroxyvaleric acid, which, as free acid, lactonizes to GVL.  
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Figure 6.9: Proposed reaction pathway for LA hydrogenation 
 
It is proposed that the first step of the hydrogenation reaction was chemisorptions of hydrogen and 
LA on catalyst surface. Hydrogen formed hydrogen bonds between itself and ruthenium and was so 
adsorbed on the surface of catalyst. It is analogous to the coordination compound of hydrogen and 
ruthenium. LA was instead adsorbed on catalyst surface by the combiner of metal with carbonyl 
group [25]. The hydrogen molecule is then divided and the two atoms are transferred separately to 
the levulinic acid molecule [26].  
When the first hydrogen atom was added to the molecule of levulinic acid, an intermediate that is 
linked by a σ-bond is formed.  
The intermediate is stabilized by its interaction with ruthenium. If the intermediate acquires one 
more H atom, then it forms γ-hydroxyvaleric and is bonded on the surface of the ruthenium. Then γ-
hydroxyvaleric acid loses one molecule of water generating GVL. The reaction pathway and 
intermediates just exposed are shown in figure 6.9. 
To confirm the thesis that the reaction mechanism followed the pathway I, the LA hydrogenation 
has been carried out also with deuterium (same reaction conditions of run H18, see figure 6.10) 
instead of hydrogen as reducing agent.  
With an analysis of the molecular masses of the obtained products and intermediates, it could be 
possible to evaluate which reaction mechanism was followed. In figure 6.10 the two reaction 
pathways and the molecular masses of product were reported.  
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The molecular mass of GVL is 100. In the case of the reaction followed the pathway I, the 
molecular mass of the lactone obtained must be 101. In fact, the hydrogenation reaction occurred in 
the first step (γ-hydroxyvaleric with a molecular mass higher of two units) and, because of the 
elimination of HDO with the closure of the ring, one hydrogen of the lactone was substituted by one 
deuterium atom.  
On the other hand, the molecular mass of the product obtained from pathway II must be 102 
because the hydrogenation occurred on the α-angelicalactone (α-AL), where two hydrogen were 
substituted by two deuterium atoms. For a clear explanation, see figure 6.10.  
The reaction mixture, after 3 hours, was analyzed by GC-MS: a GVL product of molecular mass of 
101 instead 100 has been detected.  
Moreover, also the hydrogenated product, γ-hydroxyvaleric acid, with a molecular mass higher than 
two units (because of the presence of two atoms of deuterium instead of hydrogen) has been 
detected.  
These facts indicated that the hydrogenation followed the pathway I. In fact, the first step is the 
hydrogenation of the carbonyl group to the alcoholic group and the second stage is the esterification 
and the closure of the ring with the elimination of one molecule of water. This water contains one 
atom of deuterium and is HDO instead of H2O. The other deuterium atom remains on the final 
product, GVL, in which the molecular mass is higher of one unit only.  
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Figure 6.10: LA hydrogenation with Deuterium: molecular masses of products and intermediates 
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6.4 Levulinic acid reduction with Ruthenium system and an acid 
heterogeneous catalyst 
 
The hydrogenation and lactonization of LA to GVL could be promoted by an acid catalyst. As it 
was shown in the last paragraph about the reaction pathway, the presence of an acid could have a 
positive synergic effect. Indeed, it could favour the carbonyl group activation towards the 
hydrogenation and it could promote the final step where the lactone is formed (figure 6.8). In this 
last stage, an acid in the reaction medium has a positive effect to the esterification of γ-ketoester (γ-
hydroxyvaleric acid) and it could favour the water elimination and the ring closure. 
The use of a heterogeneous catalyst is better than a homogeneous one because a homogeneous 
system, such as hydrochloric acid, could poison the metal active sites. Furthermore, the 
heterogeneous systems are very easy to separate from reaction products and it is possible their 
recycle, thus appearing the most suitable catalysts for a potential industrial use. 
In the next runs, the combination of various heterogeneous acids with metal supported catalysts has 
been studied.  
As acid catalyst it has been decided the employment of ion exchange resins, metal phosphates and 
metal oxides. 
The metal phosphates and oxides are well known for their acid properties, making them promising 
catalysts for several acid catalyzed reactions. They are characterized by polymeric metal phosphates 
with layered structures, each layer consisting in a plane of tetravalent metal atoms sandwiched 
between planes of different hydrogen-phosphate/phosphate species containing both Brønsted and 
Lewis acid sites [27, 28]. In particular, zirconium and titanium phosphates belonging to this class of 
compounds have been used have been used as acid catalyst in alcohol dehydration and olefins 
isomerizations [29]. 
In our research group, the heterogeneous acids Niobium Phosphate (NBP), Niobium Oxide (NBO) 
and cubic Zirconium Pyrophosphate (c-ZRP) have been reported as effective catalysts for the 
selective dehydration of saccharides to 5-hydroxymethyl-2-furaldeide (HMF) [30, 31].  
Niobium Phosphate and Oxide are amorphous solids with strong Brønsted acid sites and medium-
strong Lewis acid sites at the surface, due to coordinatively unsatured Nb+5 species [30].  
Because HMF is an intermediate of the hydrolysis of carbohydrate to levulinic acid, it is interesting 
the use of NBP and NBO in LA dehydrogenation also in the perspective of a “one pot” process. 
The ion exchange resins, such as AmberlystTM have been used in a wide range of reactions and 
purification processes.  
AmberlystTM polymer based catalysts ion exchange resins involve mostly the use of functionalized 
styrene divinylbenzene copolymers with different surface properties and porosities.  
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The functional group is generally of the sulphuric acid type. These resins are supplied as cellular or 
macroreticular spherical beads.  
Amberlyst™ resins have been optimized for their particular application over the past 40 years and 
represent in many applications the benchmark of the industry.  
The catalytic use of AmberlystTM resins have been widely reported in literature: their very high 
activity in the areas of esterification and etherification has been reported [32]. Furthermore, 
Amberlyst 15 (A15) has been employed as catalyst for β-acetamido ketones synthesis [33], for the 
synthesis of methyl isobutyl ketone from acetone with a metal-doped ion exchange resin catalyst 
[34], and for glycerol hydrogenolysis [35]. 
In this last case, it has been reported that the combination of Ru/C and Amberlyst 15 is effective for 
the dehydration and hydrogenation of glycerol to 1,2-propanediol under mild reaction condition. 
The combination of metal and acid catalyst enhanced the turn over frequency of required product 
formation drastically.  
Very recently, it was reported the employment of the system 5 % Pd on charcoal/Amberlyst 15 for 
the selective hydrogenation of dimedone to the corresponding monoketone [36]: with this new 
procedure high catalyst activity and selectivity, less by-products formation was achieved. 
In the work subject of this thesis, the two Amberlyst resins classified as A15 and A70 will be 
employed: their main characteristics are reported in table 6.8.  
 
Resin  Physical form Moisture 
content 
(wt. %) 
Concentration  
of acid sites 
(eqH+/kg) 
Surface Area 
(m2/g) 
Average pore 
diameter 
(Ǻ) 
T max
(°C) 
A15 Opaque beads dry 4.7 53 300 120 
A70 Dark brown, Spherical beads 55 % 2.55 36 220 190 
 
Table 6.8: The main characteristics of Amberlyst ion exchange resins 
 
In the first runs (see table 6.9), the ion exchange resin Amberlyst 15 has been employed as acid 
heterogeneous catalyst: it is dry with an acidity of 4,7 equivalent for kilo.  
At the beginning, it has been decided to use 2 grams of resins, corresponding to 9.4 milliequivalents 
of acid sites. 
The first three run (H27-H29, table 6.9) were carried out in the condition optimized for runs carried 
out before. The two already mentioned supported ruthenium catalysts performances were tested. For 
a better data comparison, in table 6.9, the runs carried out without resin and described before have 
also been reported. 
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In run H27 the reaction rate with the resin was very high and a very promising and surprising yield 
of the desired product GVL was ascertained. After only 30 minutes a substrate conversion of 80 
molar percent with almost total selectivity (99 %) was reported.  
This new bi-functional catalytic system, never mentioned before in the literature, permits the 
improvement of the reaction performances.  
 
Conversion levulinic acid 
(% mol) 
Selectivity to GVL 
(% mol) 
Run Catalyst Acid catalyst P-H2 
(atm) 
T (°C)
30’ 1h 2h 3h 4h 5h 30’ 1h 2h 3h 4h 5h
H27 Ru/C 5 % Amberlyst 15 
9.4 meq 
70 70 80 84 92 96 99 100 99 99 100 100 100 100
H18 Ru/C 5 % - 70 70 31 40 56 78 85 91 96 98 98 97 100 100
H28 Ru/C 5 % Amberlyst 15 
9.4 meq 
30 70 78 82 88 94 97 99 98 99 100 100 100 100
H19 Ru/C 5 % - 30 70 21 36 51 65 70 72 94 97 98 99 100 100
H29 Ru/Al2O3 5 % Amberlyst 15 
9.4 meq 
70 70 42 65 76 80 84 89 98 98 99 100 100 100
H4 Ru/Al2O3 5 % - 70 70 12 23 33 42 52 60 88 89 96 94 95 98 
Reaction conditions: Catalyst: 9.89 µmol of Ru; Solvent: Ethanol 40 ml; Levulinic acid: 0.017 mol  
 
Table 6.9: Hydrogenation of LA with Ru/C and Ru/Al2O3 with the acid catalyst A15 in ethanol 
 
Run H27 has been replicated at lower pressure of 30 atmospheres. In this case, the system was not 
practically affected by pressure variation and the conversion and GVL yield was very high also 
operating at these mild pressure conditions. 
When the run H27 has been carried out in presence of the alumina supported system (run H29, table 
6.9), lower conversions have been obtained. However, where the results obtained in this runs were 
confronted with the analogous carried out without the acid catalyst (run H4), it is possible to notice 
the extremely positive effect of resin. After 30 minutes the conversion was 12 % mol in run H4 
against 42 % mol in run H29.  
Furthermore, as it is possible to observe in each run, Amberlyst 15 has a very positive effect also on 
reaction selectivity. The GVL formation rate is so high that the esterification equilibrium is shifted 
on levulinic acid direction. Consequently, a little amount of esterification products have been 
detected. The kinetic profile of the best experiment of the series (run H28) has been studied. Run 
H28 was replicated in the same conditions as the previous one (run H28_2) but sampling the 
reaction mixture every five minutes (from the fifth to the thirty minute of the reaction time). 
In figure 6.11 the conversions and selectivities measured for the first 30 minutes reaction have been 
reported. 
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Figure 6.11: Conversions and selectivities for run H28_2 
 
It is possible to observe how fast the reaction was: in just twenty minutes the conversion was 60 % 
and the selectivity was always very high: more than 90 % of product was GVL. Just after half a 
hour, the conversion was close to 80 % with almost total selectivity. 
Run H28 has been replicated many times and in each experiment the resin Amberlyst quantitative 
has been halved (in respect of the quantity used in the previous run). Results obtained are reported 
in table 6.10 and also run H28 was reported in order to facilitate the comparison between the 
experiments.  
 
Conversion levulinic acid
(% mol) 
Selectivity to GVL 
(% mol) 
Run Catalyst Acid catalyst P-H2  
(atm) 
T  
(°C)
30’ 1h 2h 3h 4h 5h 30’ 1h 2h 3h 4h 5h
H28 Ru/C 5 % Amberlyst 15  
9.4 meq 
30 70 78 82 88 94 97 99 98 99 100 100 100 100
H30 Ru/C 5 % Amberlyst 15  
4.7 meq 
30 70 76 80 88 95 96 98 99 99 98 100 100 100
H31 Ru/C 5 % Amberlyst 15  
2.35 meq 
30 70 76 81 87 96 98 99 97 99 100 100 100 100
H32 Ru/C 5 % Amberlyst 15  
1.2 meq 
30 70 58 70 75 81 86 90 98 98 98 100 100 100
Reaction conditions: Catalyst: Ru/C 5 % 9.89 µmol of Ru; Solvent: Ethanol 40 ml; Levulinic acid: 0.017 mol;  
 
Table 6.10: Hydrogenation of LA with Ru/C and the acid catalyst A15 in ethanol:  
the effect of acid concentration 
 
The GVL yields obtained for each time in every runs were compared. By observing substrate 
conversions of runs H30 and H31 compared with H28, it is possible to conclude with an Amberlyst 
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quantitative greater than a half gram, corresponding to 2.35 milliequivalents, there is a saturation 
and a larger resin amount is not effective for the kinetic increase. On the other hand, by halving the 
resin quantitative till 1.2 milliequivalents, it has been registered a light conversion fall.  
The above experiments were replicated with other acid catalysts such as niobium phosphate 
(NbOPO4, NBP) and niobium oxide (Nb2O5· n H2O, NBO, water content 20 % wt.), provided from 
CBMM (Companhia Brasileira Metalurgia e Mineração). These acids, as seen before, were already 
employed as heterogeneous catalytic systems in biomass conversion to HMF.  
The experimental conditions (temperature and pressure) were the same of previous runs carried out 
with ion exchange resins. It has been decided to use a larger amount of niobium compounds in 
respect of the resin amount because of their lower acidity per gram. Thus, for run H33, 1.2 grams of 
Niobium Oxide were employed, which corresponded to 3.6 millimol (taking into account the water 
content of NBO) whereas for run H34 0.75 grams of NBP were employed. The results and 
experimental conditions are reported in table 6.11. 
 
Conversion levulinic acid
(% mol) 
Selectivity to GVL 
(% mol) 
Run Catalyst Acid catalyst P-H2 
(atm)
T (°C)
30’ 1h 2h 3h 4h 5h 30’ 1h 2h 3h 4h 5h
H33 Ru/C 5 % Nb2O5  
1.2 g 
30 70 66 71 76 79 82 84 96 98 99 100 100 100
H34 Ru/C 5 % NbOPO4   
0.75 g 
30 70 70 75 80 83 86 88 98 99 100 100 100 100
H35 Ru/C 5 % NbOPO4   
0.75 g 
15 70 62 68 70 73 76 81 97 99 100 100 100 100
H36 Ru/Al2O3 5 % Nb2O5  
1.2 g 
70 70 32 43 51 65 71 78 96 98 99 100 100 100
H37 Ru/Al2O3 5 % NbOPO4   
0.75 g 
70 70 36 48 59 68 76 80 98 99 100 100 100 100
Reaction conditions: Catalyst: 9.89 µmol of Ru; Solvent: Ethanol 40 ml; Levulinic acid: 0.017 mol;  
 
Table 6.11: Hydrogenation of LA with Ru/C and Ru/Al2O3 and the  
acid catalysts NBP and NBO in ethanol: the effect of the pressure 
 
Even tough with NBO great yields have been reached, the catalyst was less efficient than resin A15. 
Run H28, performed with A15, reached total conversion after 5 hours whereas in run H33, carried 
with niobium oxide, a GVL molar yield of 84 percent have been attained.  
Run H33 were replicated changing the co-catalyst and employing Niobium Phosphate. In run H34 
0.75 grams of NbOPO4 were employed: this quantity corresponds to the same molar amount of 
Nb2O5, taking into account the 20 % wt. water content of NBO. With the phosphate catalyst the 
reaction was more efficient than with the niobium oxide, but still less active than that performed 
with the A15 resin.  
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A possible explanation of the higher catalytic efficiency of NBP instead NBO could be found in the 
greater acidity equivalent for gram content of NBP against NBO. The effective acidity of this two 
co-catalyst was reported in literature and was determined by 2-phenylethylamine (PEA) titration in 
cyclohexane and in methanol [37]. The experimental measures demonstrated that the effective 
acidity of NBP was 151 µeq g-1 in methanol and 400 µeq g-1 in cyclohexane, whereas form NBO 
was respectively only 71 and 207 µeq g-1.  
Furthermore, NBP has a higher surface area than NBO (142 instead 108 m2 g-1, [37]) and also this 
parameter could influence the activity. 
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Figure 6.12: Co-catalyst effect: kinetic profile  
 
In figure 6.12 the kinetic profile for ruthenium on charcoal catalyzed runs is shown. It have been 
reported run H19, carried out at 70 °C and 30 hydrogen atmospheres without acid co-catalyst, and 
run H31, H33 and H34: all performed at the same reaction conditions but with different acids (A15, 
NBO and NBP respectively).  
It is easy to note as important the acid catalyst presence for the reaction rate is. Although niobium 
compounds were less effective than ion exchange resin. However, it is interesting to note that in 
these conditions all the employed catalyst increased very much the GVL yields and niobium 
phosphate had a more positive effect on reaction rate than niobium oxide. 
Run H35 was carried out at lower hydrogen pressure (15 atmospheres, see table 6.11): a low 
conversion decrease has been ascertained. 
Chapter 6: Levulinic Acid reduction to GVL 
 - 131 - 
Run H36 and H37, reported in table 6.11, were carried out with the less active ruthenium on 
alumina catalyst. Likewise in the previous run H29 (table 6.9), the reaction with this catalyst was 
performed at 70 °C and 70 atmospheres of hydrogen pressure. 
Likewise, it has been demonstrated that for the charcoal supported system, and for ruthenium on 
alumina, the addition of Niobium compounds had positive catalytic effect on reaction, but 
remarkably lower than A15 resin.  
Since these preliminary results were significant, it was decided to carry out further runs in water.  
At the beginning ruthenium on alumina has been used, adopting the same reaction conditions: 30 
hydrogen atmospheres and 70 °C. These were the experimental conditions already used in the run 
H25, carried out without the heterogeneous acid.  
In table 6.12 the obtained results are summarized. For every run, the selectivity was total to the 
product GVL because without any alcohol in reaction medium there was not any esterification 
reactions.  
 
Conversion levulinic acid
(% mol) 
Selectivity to GVL 
(% mol) 
Run Acid catalyst P-H2  
(atm) 
T  
(°C)
30’ 1h 2h 3h 4h 5h 30’ 1h 2h 3h 4h 5h
H25 - 30 70 5 10 18 24 28 36 100 100 100 100 100 100
H38 Amberlyst 15  
2.35 meq 
30 70 18 31 44 50 62 80 100 100 100 100 100 100
H39 Nb2O5 1.2 g 30 70 10 13 20 32 40 48 100 100 100 100 100 100
H40 NbOPO4  0.75 g 30 70 12 15 23 36 46 55 100 100 100 100 100 100
H41 Amberlyst 70  
2.35 meq 
30 70 20 35 50 56 66 86 100 100 100 100 100 100
H42 Amberlyst 70  
2.8 meq  
30 70 22 36 50 57 70 91 100 100 100 100 100 100
H43 Amberlyst 70  
5.6 meq  
30 70 24 38 51 57 72 92 100 100 100 100 100 100
Reaction conditions: Catalyst: Ru/Al2O3 5 % 9.89 µmol of Ru; Solvent: Water 40 ml; Levulinic acid: 0.017 mol;  
 
Table 6.12: Hydrogenation of LA with Ru/Al2O3 in water:  
the effect of various heterogeneous acid catalyst 
 
In these runs, similarly to the previous ones, the acid effect on the reaction rate is remarkable and 
the ion exchange resin demonstrated to be the most effective co-catalyst. By comparing the results 
reported for runs H38-H40, the higher yield were reached with the employment of the resin A15 
(run H38). Niobium phosphate and Niobium Oxide were less efficient; NBP (run H40) is more 
active than the NBO (H39). 
Because of the high efficiency of Amberlyst 15 in respect of the niobium compounds, the 
performances of an other ion exchange resin were tested.  
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In run H41 the Amberlyst 70 resins (A70) was employed for the first time (see A70 characteristics 
reported in table 6.8). A70 is a strongly acid resin that could resist at higher temperatures (up to 
190°C). This resins, provided from Rohm and Haas, has a 55 % wt. of water content and a 
concentration of acid sites of 2.55 equivalent for kilo (corresponding to 5.7 equivalents for kilo in 
the dry product).The resin equivalent amount already employed for the A15 resin type has been 
used in run H41 for the A70 type. By comparing the obtained GVL yields of runs H38 and H41, the 
GVL yields detected were a little bit higher.  
Run H41 has been replicated with a greater A70 weight and run H42 was carried out in the presence 
of 2.8 meq of H+.  
With this greater acid quantitative, a higher yield have been obtained: when the quantitative of resin 
was doubled in respect of run H42 (run H43, table 6.12), the substrate conversion remained almost 
the same: therefore, 2.8 milliequivalents were adopted as the best Amberlyst 70 quantity. 
Then, this approach was extended to the ruthenium supported on charcoal (which already 
demonstrated to be the best catalyst for this reaction) has been employed in the next series of 
experiments. Every run has been carried out in water at the reaction conditions of 30 °C and 70 
hydrogen atmospheres. The obtained conversions are reported in table 6.13; run H26, carried out 
without co-catalyst, has been reported for comparison. 
 
Conversion levulinic acid
(%mol) 
Selectivity to GVL 
(%mol) 
Run Acid catalyst P-H2  
(atm) 
T  
(°C) 
30’ 1h 2h 3h 4h 5h 30’ 1h 2h 3h 4h 5h 
H26 - 30 70 15 22 36 48 55 61 100 100 100 100 100 100 
H44 Amberlyst 15  
2.35 meq 
30 70 80 85 88 91 96 100 100 100 100 100 100 100 
H45 Nb2O5  
1.2 g 
30 70 47 60 69 75 80 83 100 100 100 100 100 100 
H46 NbOPO4  
 0.75 g 
30 70 53 69 77 82 86 91 100 100 100 100 100 100 
H47 Amberlyst 70  
2.8 meq 
30 70 90 96 99 100   100 100 100 100 100 100 
Reaction conditions: Catalyst: Ru/C 5 % 9.89 µmol of Ru; Solvent: Water 40 ml; Levulinic acid: 0.017 mol;  
 
Table 6.13: Hydrogenation of LA with Ru/C in water:  
the effect of various heterogeneous acid catalyst 
 
From the results obtained in runs H44-H47 it is possible to confirm the strongly positive effect of 
the co-catalyst. Like the runs performed with the ruthenium on alumina catalyst, the best 
performances are observed for the ion exchange resins. Between the two resins, Amberlyst 70 gave 
the best results: after only 30 minutes, 90 % of substrate was converted to GVL with total 
selectivity.  
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These results are very promising, and they are never been reported in literature: this is the first time 
that this reaction is carried out with so satisfactory results. 
The graphic of figure 6.13 shows the kinetic profiles for these runs, carried out with different acid 
co-catalysts. It is interesting to note once again as fast the reaction rate with the resins is (run H44 
and H47) in respectof those with NBP and NBO (H45 and H46).  
In run H47, with the combination of two simple and cheap commercial catalysts, the highest ever 
observed catalytic activity for the hydrogenation of LA to GVL has been achieved.  
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Figure 6.13: Co-catalyst effect on the kinetic reaction  
 
In the next group of experiments, the reaction parameters (such as temperature and pressure) were 
studied to verify the possibility of carrying out the reaction in milder conditions.  
The reaction conditions and results are summarized in table 6.14: run H47 has been reported for a 
better comparison. 
The runs H48 and H49 have been conducted at 50 °C: this was a lower temperature than the 
comparison run H47, which was carried out at 70 °C.  
With the use of A70 (run H49, see table 6.14) the reaction rate was very faster than without it (run 
H48): after only 30 minutes up than 75 % molar yield toward the products GVL has been 
ascertained.  
Run H47, nevertheless, carried out at 70 °C instead of 50 °C, reached the complete conversion in 3 
hours and, only after 30 minutes, 90 % of GVL molar yield was reported. 
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In order to test milder and more sustainable conditions, next runs were carried out at lower pressure 
with the aim of verifying the feasibility of working at a pressure of 5 atmospheres only. For a better 
comparison, also a run without co-catalyst (run H50, see table 6.14) was carried out. 
All acid catalysts employed for runs H51-H54 gave positive effects on reaction rate, but also for 
this runs series the ion exchange resin A 70 allowed to obtain the best results. By employing 
Amberlyst 15 (run H54), interesting results have been obtained also in a short time like two hours. 
However, the reaction rate was ten points percent lower (86 % GVL molar yield against 96 % for 
run H51). 
 
Conversion levulinic acid 
(% mol) 
Selectivity to GVL 
(% mol) 
Run Acid catalyst P-H2  
(atm) 
T  
(°C) 
30’ 1h 2h 3h 4h 5h 30’ 1h 2h 3h 4h 5h 
H47 Amberlyst 70  
2.8 meq 
30 70 90 96 99 100   100 100 100 100 100 100 
H48 - 30 50 9 14 19 23 27 31 100 100 100 100 100 100 
H49 Amberlyst 70  
2.8 meq 
30 50 76 87 91 93 95 100 100 100 100 100 100 100 
H50 - 5 70 3 5 9 13 16 18 100 100 100 100 100 100 
H51 Amberlyst 70  
2.8 meq 
5 70 79 90 96 98 100  100 100 100 100 100 100 
H52 NbOPO4   
0.75 g 
5 70 20 45 61 78 85 98 100 100 100 100 100 100 
H53 Nb2O5  
1.2 g 
5 70 15 40 56 72 80 96 100 100 100 100 100 100 
H54 Amberlyst 15  
2.35 meq 
5 70 70 79 86 91 96 98 100 100 100 100 100 100 
H55 Amberlyst 70  
2.8 meq 
5 50 53 76 81 85 88 90 100 100 100 100 100 100 
Reaction conditions: Catalyst: Ru/C 5 % 9.89 µmol of Ru; Solvent: Water 40 ml; Levulinic acid: 0.017 mol;  
 
Table 6.14: Hydrogenation of LA with Ru/C in water: the effect of various  
heterogeneous acid catalyst working at mild conditions 
 
 
The results reported at low pressure were very notably. Thanks to the heterogeneous acid presence, 
a low pressure like just 5 atmospheres permitted the substrate total conversion to the final product 
GVL with a total selectivity in very short reaction time.  
After only 1 hour, GVL yield for run H51 was just a little bit lower than run H47 carried out in the 
same conditions but at higher pressure of 30 atmospheres (see figure 6.14).  
From the histogram reported in figure 6.14 it appears very interesting the comparison with the run 
H26 carried out without co-catalyst at the higher pressure of 30 atmospheres. 
From an industrial point of view, it will be obviously a more convenient and safer process to work 
at a low pressure as 5 atmospheres than 30 atmospheres. 
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Figure 6.14: Co-catalyst positive effect on the conversion also at low pressure 
 
With the co-catalyst employ, it was made possible to obtain GVL yields never reported either at 
higher pressure without its use. So, this new method, reported for the first time in this work, could 
be satisfactory industrial applicable.  
 
In figure 6.15 the kinetic profiles for runs carried out at low pressure are reported. 
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Figure 6.15: Co-catalyst effect on the kinetic reaction  
 
Likewise kinetic profiles shown in figure 6.13, graphic 6.15 highlights two resin/niobium catalyst 
couples (H51/H54 and H52/H53) following parallel profiles. 
30 atm 5 atm
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The last run of this screening (H55, table 6.14) was carried out in the same way of H51 but at the 
lower temperature of 50 °C: this run was performed only with the resin A70 as co-catalyst because 
it has already shown to be the most effective in the reaction. 
Despite the mild conditions of run H55, the GVL yield obtained after 5 hours was 90 %. The 
reported result is very promising but is significant to note that run H51, carried out at 70 °C, 
reached a 96 % molar yield after just 3 hours and the complete conversion of substrate after 5 hours.  
This example, as run H49, remarked that, for the LA hydrogenation, it was more important working 
at higher temperature than higher pressure. A pressure decrease from thirty to only five atmospheres 
did not affect the yield like a temperature decrement from seventy to fifty degrees. However, the 
obtained results are all noteworthy: it was demonstrated that with this new double catalytic system 
the reaction rate was very fast also in mild reaction conditions like a pressure of only 5 atmospheres 
and a temperature of only 50 °C.  
In conclusion, for runs shown in last tables and graphics, it is possible to affirm the following: the 
presented work, for the first time, has made possible to obtain total LA reduction to the product of 
interest GVL with total selectivity in mild reaction conditions. It has made possible to work at low 
temperatures and pressures and reach anyway optimal results. In this catalytic system simple 
reagents were used: a commercial metal supported catalyst in combination with a heterogeneous 
commercial acid like an ion exchange resin or a Niobium inorganic acid (such as oxide or 
phosphate). 
These heterogeneous acids are commercially available, inexpensive, solid, no hazardous, and they 
can be easily recovered by filtration. The catalysts employed in run H51 (both the acid and metal 
supported), were recovered by filtration. The catalyst was then washed with water in order to 
completely remove the eventual adsorbed reaction product. Finally, the catalysts were dried and  
re-used in runs H51_2 and H51_3, both reported in table 6.15. It is evident from the GVL yield in 
table that no activity loss was attained. 
 
Conversion levulinic acid
(% mol) 
Selectivity to GVL 
(% mol) 
Run Acid catalyst P-H2  
(atm) 
T  
(°C) 
30’ 1h 2h 3h 4h 5h 30’ 1h 2h 3h 4h 5h 
H51 Amberlyst 70 
2.8 meq 
5 70 79 90 96 98 100  100 100 100 100 100 100 
H51_2 Amberlyst 70 
2.8 meq 
5 70 78 89 97 99 100  100 100 100 100 100 100 
H51_3 Amberlyst 70 
2.8 meq 
5 70 79 88 96 97 99  100 100 100 100 100 100 
Reaction conditions: Catalyst: Ru/C 5 % 9.89 µmol of Ru; Solvent: Water 40 ml; Levulinic acid: 0.017 mol;  
 
Table 6.15: Hydrogenation of LA with the recovered and reused catalytic system Ru/C and A70 
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It is possible to conclude that the recovered catalysts can be readily re-used at least three times, 
basically without loss in catalytic efficiency. This new developed catalytic system has been 
proposed in respect of conversion and selectivity, prolonged lifetime, chemical and physical 
stability, and capacity. 
 
 
6.5 Study on effect of the heterogeneous acid catalyst  
 
The significant positive catalytic effect given by the heterogeneous acid systems could be explained 
by two different actions. 
First of all, the presence of the acid favours the esterification step and water elimination from the 
intermediate γ-hydroxyvaleric acid, with the subsequent formation of the lactone. Moreover, the 
acid could also activate the carbonyl group towards the addiction of molecular hydrogen. 
In order to demonstrate this last assumption, a series of experiments about the hydrogenation of 
simple ketones (and not activated keto-acids like LA) has been carried out.  
In fact, if the substrate of the hydrogenation is a ketone, the catalytic effect of the acid, if present, 
will be expleted only on the carbonyl group.  
Comparison runs, with and without the co-catalyst, were carried out on the hydrogenation of two 
ketones, resembling levulinic acid: 2-butanone (methyl-ethyl-ketone, MEK) and 2-pentanone 
(methyl-propyl-ketone, MPK). The latter is very similar to LA: it is a C-5 linear ketone which 
presents the carbonyl group in the position 2 of the chain.  
 
O
R
H2, cat
R= H, -CH3
OH
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Figure 6.16: 2-butanone and 2-pentanone hydrogenation to the corresponding alcohols  
 
It has been decided to make a comparison between the catalytic performances of the Ru/C catalyst 
alone and in combination with the heterogeneous co-catalysts.  
It has been chosen to carry out the experiments with the two acids which demonstrated to be the 
most effective for the hydrogenation of LA: A70 (the most active ion exchange resin) and NBP (the 
most active inorganic compound). 
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6.5.1 2-butanone (methyl ethyl ketone, MEK) hydrogenation to 2-butanol 
 
The hydrogenations were carried out under the conditions already applied for LA: in table 6.16 the 
experimental conditions and obtained yields were reported.  
The first two runs, M1 and M2, were carried out at 70 °C and 30 atmospheres: from the results it 
appeared evident the positive effect of the resin in the activation of ketone toward the hydrogen 
addition, in particular at lower reaction times.  
After 1 hour, in fact, the kinetic reached a plateau and the difference between the two experiments 
appeared less evident. 
 
Yield 2-Buthanol 
(% mol) 
Run Acid Catalyst P-H2 
(atm)
T  
(°C)
10’ 20’ 30’ 1h 2h
M1 - 30 70 55 70 79 90 96
M2 Amberlyst 70 
2.8 meq 
30 70 75 88 94 98 99
M3 - 5 70 8 19 28 40 51
M4 Amberlyst 70 
2.8 meq 
5 70 37 60 77 92 98
M5 NBP 5 70 11 25 56 74 91
Reaction conditions: Catalyst: Ru/C 5% 9.89 µmol of Ru; Solvent: Water 40 ml; 2-butanone: 0.017 mol;  
 
Table 6.16: Hydrogenation of MEK in water with Ru/C: the effect of the heterogeneous acid 
 
For this reason, runs M3-M5 were performed at lower pressure (only 5 atmospheres). These runs 
were carried out without acid, with resin A70 and with NBP respectively: the obtained yields were 
reported in table 6.16.  
As it was clearly shown by the graphic of figure 6.17, at lower hydrogen pressure the activation of 
the carbonyl group given by the heterogeneous acid appeared more evident.  
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Figure 6.17: The heterogeneous acids effect on MEK hydrogenation 
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As observed also for levulinic acid, the acid resin A 70 offered catalytic performances slightly 
superior to niobium phosphate.  
 
 
6.5.2 2-pentanone (methyl propyl ketone, MPK) hydrogenation to 2-penthanol 
 
Since it was demonstrated in previous paragraph that the difference between the runs with and 
without acids were more evident under mild conditions, the experiments on the hydrogenation of 
MPK (a substrate more similar to LA than MEK) were performed at low pressure (5 atmospheres) 
and low temperatures of 70 °C and 50 °C (two runs series reported in table 6.17). As it happened for 
MEK, also for MPK a remarkable effect on the kinetic of the hydrogenation has been detected. 
 
Yield 2-penthanol 
(% mol) 
Run Acid Catalyst P-H2 
(atm)
T  
(°C)
10’ 20’ 30’ 1h 2h 
P1 - 5 70 3 11 35 54 66 
P2 Amberlyst 70 
2.8 meq 
5 70 14 35 73 91 98 
P3 NBP 5 70 13 30 68 84 90 
P4 - 5 50 3 6 21 34 50 
P5 Amberlyst 70 
2.8 meq 
5 50 9 22 51 68 80 
P6 NBP 5 50 8 17 42 60 72 
Reaction conditions: Catalyst: Ru/C 5% 9.89 µmol; Solvent: Water 40 ml; 2-pentanone: 0.017 mol; 
 
Table 6.17: Hydrogenation of MPK in water with Ru/C: the effect of the heterogeneous acid 
 
In graphic of figure 6.18 this effect is clear: furthermore, also for these substrates (MEK and MPK), 
the more acid system, and the resin A70, is the most effective.  
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Figure 6.18: The heterogeneous acids effect on MPK hydrogenation 
Chapter 6: Levulinic Acid reduction to GVL 
 - 140 - 
Therefore, it was possible to find experimental evidences demonstrating the activation effect 
towards the hydrogenation by the acid catalyst. This result, which explained the importance of the 
acid co-catalyst in the LA hydrogenation, was never mentioned before and it could be very 
important for further applications, not only in the few reactions studied in this work. 
In conclusion, it has been demonstrated that the presence of a heterogeneous acid catalyst increases 
the reaction rate in different experimental conditions.  
 
Various reaction parameters have been changed: metal species, support, temperature, pressure, 
obtained without it. By employing simple and not expensive commercial systems, the highest 
conversion ever reported in literature has been reached. It is possible working at very mild reaction 
conditions such as low temperature/low pressure and for a very short reaction time, reaching the 
complete substrate conversion with total selectivity to the requested GVL product. 
Furthermore, with the proposed method, it is possible to work in a green solvent like water, is 
optimal from a future industrial application point of view.  
The fact that our catalytic system is so active also at low pressure (only 5 hydrogen atmospheres) 
confirmed the positive synergic effect of heterogeneous acid catalyst on kinetic of the reaction.  
The acid catalyst at first promoted the hydrogenation reaction and the formation of γ-
hydroxyvaleric acid and, at last, it favoured the successive esterification, closure of the ring and 
lactone formation. 
 
Recently, in last years, a new levulinic acid hydrogenation process has been reported. LA 
conversion to GVL without using H2 but employing the formic acid as hydrogen donator has been 
described [38]. In the reaction, indeed, formic acid decomposes to H2, serving in the subsequent 
hydrogenation of LA to give GVL.  
Homogeneous ruthenium catalysts based on RuCl3  H2O and PPh3 have been employed.  
Best GVL yield (90 %) has been reached after 12 hours reaction time and working at the 
temperature of 150 °C.  
Even tough this process could find important applications for the production of GVL from biomass-
derived carbohydrates without intermediate purification (as seen in last chapters, formic acid is a 
co-product of levulinic acid production) and without using external H2 supply, our described system 
is better from both economical and conversion point of view.  
With the tandem metal supported/heterogeneous acid system, as proposed in this thesis, it is now 
possible to work in milder conditions, reach higher yields, carry out the reaction for shorter reaction 
times, recover and re-use the catalyst due to its heterogeneity. 
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6.6 Levulinic acid reduction with other metal supported systems and 
an acid heterogeneous catalyst 
 
Even tough it has been mentioned that the ruthenium systems are the best catalysts for carbonyl 
reduction reactions [21], the catalytic performances of others metal supported systems have been 
studied, in order to verify the effect of the heterogeneous acid catalyst in these cases. 
In the following series of experiments (reported in the tables 6.18 and 6.19), a 5 % supported 
commercial palladium catalyst on charcoal has been employed.  
Run H56 (see table 6.18) was carried out at 30 hydrogen atmospheres and 70 °C in ethanol as 
solvent: the obtained LA conversion was lower than that achieved with the analogous charcoal 
supported ruthenium catalyst (compare run H26, table 6.7).  
When run H56 has been replicated with the addition of the co-catalyst resin A15, a remarkable 
GVL yield increase has been registered (run H57, table 6.18).  
Therefore, one can conclude that, also in this case, the heterogeneous acid catalyst had a positive 
effect on kinetic reaction progress. In addition, the presence of resin had a favourable effect on 
reaction selectivity: in run H57 a very little amount (less than 2 molar % at every sampling time, see 
table 6.18) of by-product ethyl levulinate was detected. On the other hand, the selectivity of run 
H56 was not so high like run H57. 
 
Conversion levulinic acid
(% mol) 
Selectivity to GVLa 
(% mol) 
Run Acid catalyst P-H2  
(atm) 
T  
(°C)
30’ 1h 2h 3h 4h 5h 30’ 1h 2h 3h 4h 5h 
H56 - 30 70 2 5 11 17 22 25 90 91 95 94 92 92 
H57 Amberlyst 15  
2.35 meq 
30 70 3 8 21 36 43 51 99 98 98 99 98 99 
Reaction conditions: Catalyst: Pd/C 5 % 9.89 µmol of Pd; Solvent: Ethanol 40 ml; Levulinic acid: 0.017 mol;  
a: by-product Ethyl levulinate 
Table 6.18: Hydrogenation of LA with Pd/C in ethanol: the effect of A15 addition 
 
In order to avoid the formation of ester by-products, runs H56 and H57 were replicated in water as 
solvent (runs H58 and H59 respectively, see table 6.19). Like the previous cases with the ruthenium 
system, the runs carried out in water, without co-catalyst, registered lower GVL yield in respect of 
that reached in ethanol (run H58, table 6.19 against run H56, table 6.18). On the other side, when 
the reaction was carried out by adding the resin Amberlyst 15 (run H59, table 6.19), a significant 
GVL yield increase has been registered.  
Furthermore, this notable increase of the yield in GVL is bigger than that obtained for the same run 
carried out in ethanol (compare run H59, table 6.19 with run H57, table 6.18).  
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This fact could be explicated because the heterogeneous acid had a more marked effect in aqueous 
than in alcoholic medium. Furthermore, when water was employed as solvent, a total substrate 
selectivity to GVL was attained. 
 
Conversion levulinic acid
(% mol) 
Selectivity to GVL 
(% mol) 
Run Acid catalyst P-H2  
(atm) 
T  
(°C) 
30’ 1h 2h 3h 4h 5h 30’ 1h 2h 3h 4h 5h 
H58 - 30 70 1 4 9 13 17 19 100 100 100 100 100 100 
H59 Amberlyst 15 
2.35 meq 
30 70 6 13 32 48 55 60 100 100 100 100 100 100 
H60 Amberlyst 70 
2.8 meq 
30 70 8 17 36 53 60 64 100 100 100 100 100 100 
H61 NbOPO4   
0.75 g 
30 70 5 10 22 29 34 38 100 100 100 100 100 100 
H62 Nb2O5  
1.2 g 
30 70 3 7 15 22 27 31 100 100 100 100 100 100 
H63 c-ZrP2O7 
1 g 
30 70 2 6 12 17 22 26 100 100 100 100 100 100 
Reaction conditions: Catalyst: Pd/C 5 % 9.89 µmol of Pd; Solvent: Water 40 ml; Levulinic acid: 0.017 mol;  
 
Table 6.19: Hydrogenation of LA with Pd/C in water: the effect of the acid co-catalysts 
 
Runs H60-H63 (see table 6.19), were carried out at the same experimental conditions of run H59 
varying only the heterogeneous acid co-catalysts employed. Catalytic performances of Amberlyst 
70, Niobium Phosphate, Niobium Oxide and cubic Zirconium Pyrophosphate have been tested. 
The graphic reported in figure 6.19 shows the marked effect of the co-catalyst.  
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Figure 6.19: Co-catalyst effect on the kinetic reaction of runs H58-H63 
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Even tough the reported LA conversions to GVL with the palladium system were lower than those 
obtained with the corresponding ruthenium catalyst, the results of these runs were appreciable. 
In fact, is possible to affirm that, also with a low active catalyst like 5 % Pd/C, with our invention 
the activity significantly increased.  
Figure 6.19 shows that both resins, A15 and A70, were the most effective co-catalysts and that by 
these two systems the reaction followed two parallel reactions kinetic progresses (open squares and 
filled circles of figure 6.19). 
When the inorganic compounds (NBP, NBO, c-ZRP) were employed instead of resins, the increase 
in the reaction rate in respect of run H58 (performed without co-catalyst) were still present but 
lower than those observed for runs carried out with resins. However, also in this case, the GVL 
yields were greater than the ones without co-catalysts. Since the ion exchange resins A15 and A70 
were demonstrated to be the most effective systems, they were employed in runs H65 and H66, both 
carried out at lower hydrogen pressure: 15 instead of 30 atmospheres. The possibility of working at 
lower pressure is a fundamental aspect for industrial perspective. The yields of GVL were reported 
in table 6.20 and they were confronted with run H64, carried out in the same conditions and without 
co-catalyst. 
 
Conversion levulinic acid
(%mol) 
Selectivity to GVL 
(%mol) 
Run Acid catalyst P-H2 (atm) T (°C)
30’ 1h 2h 3h 4h 5h 30’ 1h 2h 3h 4h 5h
H64 - 15 70 1 2 5 8 12 15 100 100 100 100 100 100
H65 Amberlyst 15  
2.35 meq 
15 70 2 4 11 22 27 31 100 100 100 100 100 100
H66 Amberlyst 70  
2.8 meq 
15 70 2 7 15 30 38 42 100 100 100 100 100 100
Reaction conditions: Catalyst: Pd/C 5 % 9.89 µmol of Pd; Solvent: Water 40 ml; Levulinic acid: 0.017 mol;  
 
Table 6.20: Hydrogenation of LA with Pd/C in water:  
the effect of ion exchange resins at low pressure 
 
When A70, the most effective acid was employed (run H66), the highest GVL molar yield of 42% 
was ascertained after 5 hours, whereas a low molar conversion of 15 % was obtained working in the 
absence of resin (run H64). Also in this example, it appears evident the catalytic positive effect of 
an acid addition on kinetic reaction. 
In next runs, the catalytic performances of the commercial 5% palladium supported on alumina 
have been studied: the results are shown in table 6.21. 
The first run of this screening, H67, was carried out at the same conditions of previous experiments: 
30 hydrogen atmospheres and 70 °C. The successive runs (H68-H72, see table 6.21) were carried 
out by varying only the employed acid co-catalyst.  
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Conversion levulinic acid
(%mol) 
Selectivity to GVL 
(%mol) 
Run Acid catalyst P-H2 (atm) T (°C) 
30’ 1h 2h 3h 4h 5h 30’ 1h 2h 3h 4h 5h 
H67 - 30 70 1 3 6 9 12 14 100 100 100 100 100 100 
H68 Amberlyst 15  
2.35 meq 
30 70 4 10 16 23 44 51 100 100 100 100 100 100 
H69 Amberlyst 70  
2.8 meq 
30 70 5 13 25 41 50 57 100 100 100 100 100 100 
H70 NbOPO4   
0.75 g 
30 70 3 6 12 19 26 30 100 100 100 100 100 100 
H71 Nb2O5  
1.2 g 
30 70 2 5 10 16 22 26 100 100 100 100 100 100 
H72 c-ZrP2O7 
1 g 
30 70 1 4 8 13 18 21 100 100 100 100 100 100 
Reaction conditions: Catalyst: Pd/Al2O3 5 % 9.89 µmol of Pd; Solvent: Water 40 ml; Levulinic acid: 0.017 mol;  
 
Table 6.21: Hydrogenation of LA in water with Pd/γ-Al2O3: the effect  
of addition of various acid heterogeneous catalysts 
 
In all cases there was a positive effect of heterogeneous acid and the kinetic reaction profiles, 
reported in figure 6.20, were similar to those observed for the charcoal supported palladium catalyst, 
complete selectivity to GVL being always ascertained. 
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Figure 6.20: Co-catalyst effect on the kinetic reaction of runs H67-H72 
 
The reactions carried out with the resins A15 and A70 were clearly the most efficient and their 
kinetic profiles followed an almost parallel behaviour.  
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Also the reactions carried out with the inorganic co-catalysts followed similar profiles but the 
reaction rates were lower than those of the runs carried out with the ion exchange resins. 
In figure 6.21 the GVL yields obtained after 5 hours have been compared for different co-catalysts 
and different palladium supported catalyst (on charcoal and on alumina).  
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Figure 6.21: GVL molar yields comparison for various support and co-catalysts 
 
It is evident from the histogram that the resins are the most active co-catalysts (as already shown) 
and the charcoal supported palladium catalyst has higher performances in respect of those on 
alumina. The best efficiency of supporting charcoal was already demonstrated in last paragraph 
about the comparison among the ruthenium systems. Equally, it could be related to the higher 
surface areas of charcoal against alumina palladium systems: 200 m2/g for alumina against 850 m2/g 
for charcoal system (experimental data). 
As done for the charcoal supported system, two runs at lower hydrogen pressure reactions (15 
atmospheres, runs H73 and H74, table 6.22) were carried out.  
 
Conversion levulinic acid
(%mol) 
Selectivity to GVL 
(%mol) 
Run Acid catalyst P-H2 (atm) T (°C)
30’ 1h 2h 3h 4h 5h 30’ 1h 2h 3h 4h 5h
H73 - 15 70 0.5 2 4 6 9 11 100 100 100 100 100 100
H74 Amberlyst 70  
2.8 meq 
15 70 2 6 11 16 21 25 100 100 100 100 100 100
Reaction conditions: Catalyst: Pd/Al2O3 5 % 9.89 µmol of Pd; Solvent: Water 40 ml; Levulinic acid: 0.017 mol;  
 
Table 6.22: Hydrogenation of LA with Pd/Al2O3 in water:  
the effect of ion exchange resin at low pressure 
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With the addition of A70 resin, a system which was almost inactive (run H73, 11 % molar 
conversion after 5 hours) became more efficient and permitted the reaching of doubled results in 
terms of GVL yield. This screening conducted on the activities of various metal catalysts has been 
pursued testing the performances of 5 % rhodium on alumina catalyst. The experiments have been 
carried out at first in ethanol (runs H75-H76, table 6.23), then in water (runs H77-H79, table 6.24). 
Runs H75 and H76 have been carried out in ethanol at 30 hydrogen atmospheres and a temperature 
of 70 °C: the runs were performed without and with the resin A 70, respectively.  
 
Conversion levulinic acid
(%mol) 
Selectivity to GVLa 
(%mol) 
Run Acid catalyst P-H2 (atm) T (°C)
30’ 1h 2h 3h 4h 5h 30’ 1h 2h 3h 4h 5h 
H75 - 30 70 3 7 11 16 19 21 76 75 77 78 76 75 
H76 Amberlyst 70  
2.8 meq 
30 70 9 12 13 25 32 44 91 90 92 88 91 90 
Reaction conditions: Catalyst: Rh/Al2O3 5 % 9.89 µmol; Solvent: Ethanol 40 ml; Levulinic acid: 0.017 mol; 
a: by product Ethyl levulinate  
 
Table 6.23: Hydrogenation of LA with Rh//γ-Al2O3 in ethanol: the effect of A70 addition 
 
The obtained yields of GVL for run H75 were not so promising. In fact, the molar conversion of the 
substrate after 5 hours was low (only 21 %) and the selectivity towards the lactone was the lowest 
ever recorded in this study (75 %).  
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Figure 6.22: Conversion and selectivity with or without resin for runs H75 and H76 
 
The rhodium system promoted the esterification reaction more than the palladium and ruthenium 
catalysts. When the run was carried out with the addition of A70, a significant increase in term of 
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substrate conversion and selectivity to the lactone has been registered (as clearly shown in figure 
6.22). This experimental evidence confirmed that the presence of the co-catalyst accelerates the 
conversion of levulinic acid favouring its esterification. The action of A70 is double: it activates the 
carbonylic group toward the addition of hydrogen and contemporarily favours the esterification of 
the γ-ketoacid with the ring closure and water elimination (lactonization step), or alternatively, of 
the γ-ketoester to GVL with ethanol elimination. 
The successive runs (H77-H79, see table 6.24) were carried out at the same hydrogen pressure and 
temperature of the two last experiments, adopting water as solvent.  
Run H77 was carried out without co-catalyst, whereas in runs H78 and H79 the two resins (A15 and 
A70 respectively) were employed. As for the previous runs series, a significant GVL yield increase 
has been detected in the presence of the acid resins.  
 
Conversion levulinic acid
(% mol) 
Selectivity to GVL 
(% mol) 
Run Acid catalyst P-H2  
(atm) 
T  
(°C)
30’ 1h 2h 3h 4h 5h 30’ 1h 2h 3h 4h 5h
H77 - 30 70 2 5 9 12 15 17 100 100 100 100 100 100
H78 Amberlyst 15  
2.35 meq 
30 70 4 8 19 27 34 40 100 100 100 100 100 100
H79 Amberlyst 70  
2.8 meq 
30 70 5 11 22 32 40 45 100 100 100 100 100 100
Reaction conditions: Catalyst: Rh/Al2O3 5 % 9.89 µmol; Solvent: Water 40 ml; Levulinic acid: 0.017 mol;  
 
Table 6.24: Hydrogenation of LA with Rh/γ-Al2O3 in water: the effect of A70 addition 
 
In figure 6.23, the reaction conversion profiles of these three runs have been reported.  
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Figure 6.23: Co-catalyst effect on the kinetic reaction of runs H77-H79 
Chapter 6: Levulinic Acid reduction to GVL 
 - 148 - 
It is clear from the reaction profiles that the presence of an ion exchange resins considerably 
increased the reaction rates. On the other hand, the scarce activity of rhodium catalyst for this 
reaction and the remarkable metal cost with respect to ruthenium and palladium, persuaded us to 
interrupt the investigation about rhodium supported catalysts. 
However, even tough the obtained results were lower than those obtained with other metal catalysts, 
these data are very significant because it was demonstrated that also in this case the presence of the 
co-catalyst noticeably increased the reaction rate. 
 
6.7 Levulinic acid hydrogenation with non-commercial synthesized 
catalyst 
 
 
6.7.1 Ruthenium supported on Niobium Phosphate (Ru/NBP) 
 
In the experiments shown in the last paragraphs, the extremely high efficiency of the heterogeneous 
acid co-catalyst in the reduction of levulinic acid to GVL has been widely illustrated. 
In this perspective, the synthesis and the use of new metal catalysts directly supported on 
heterogeneous acids appears very interesting.  
The acid supported catalyst Ru/NBP was prepared by following the synthetic preparation already 
optimized by our Research Group [39].  
In this procedure, the metal precursor was reduced by ethanol in autoclave at high temperature (200 
°C). Since the need of a high temperature for the reduction of ruthenium precursor, the ion 
exchange resins could not be utilized. In fact, the most thermal resistant resin, A70, decompounded 
for a temperature higher than 190 °C.  
Hence, only niobium and zirconium based systems could be utilized. Since, among these systems, 
NBP was demonstrated to be the most active co-catalyst, it was employed as support in the 
following preparation.  
The soluble ruthenium (III) precursor, RuCl3 · 3H2O was dissolved in ethanol, then the NBP was 
added and the slurry was charged in autoclave, where the metal was reduced by solvothermal effect 
at 200 °C for 3 hours.  
After the removal of the solvent, the resulting supported catalyst was dried under vacuum and 
stored under argon atmosphere.  
This system, constituted by ruthenium supported on NBP, was used in the runs reported in table 
6.25.  
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Conversion levulinic acid
(% mol) 
Selectivity to GVL 
(% mol) 
Run Catalyst Acid catalyst P-H2 
(atm)
T 
(°C)
30’ 1h 2h 3h 4h 5h 30’ 1h 2h 3h 4h 5h
H19 Ru/C 5 % 
9.89 µmol 
- 30 70 21 36 51 65 70 72 94 97 98 99 100 100
H34 Ru/C 5 % 
9.89 µmol 
NbOPO4  
0.75 g 
30 70 70 75 80 83 86 88 98 99 100 100 100 100
H34_2 Ru 9.89 µmol 
on NBP 
NbOPO4  
0.75 g 
30 70 48 58 70 76 80 83 97 98 99 100 100 100
Reaction conditions: Catalyst: Ru 9.89 µmol; Solvent: Ethanol 40 ml; Levulinic acid: 0.017 mol;  
 
Table 6.25: Hydrogenation of LA in ethanol with the synthesized Ru on NBP system  
 
For a better comparison, also runs carried out only with Ru/C (H19) and with Ru/C and NBP (H34) 
were reported in the table. It is important to note that the supported catalyst was prepared in order to 
use the same molar amounts of ruthenium and niobium phosphate of the previous runs. Thus, an 
appropriate quantity of ruthenium precursor was supported on the appropriate quantity of NBP. 
As seen from the GVL yield data, the behaviour of the new catalytic system is intermediate between 
run H19 and run H34. The catalyst is significantly more active than the commercial system 
ruthenium on charcoal, but less active than the mixed system Ru on charcoal/NBP. This 
intermediate catalytic activity is clearly shown in the graphic reported in figure 6.24, where the 
yields of GVL were reported in function of the reaction time. 
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Figure 6.24: GVL yield for the Ru/NBP system compared to the commercial ones 
 
A possible explanation of the intermediate activity of the system could be found by looking at the 
lower surface area of the NBP against the carbon support. The surface area of the support NBP was 
only 142 m2/g [37] whereas B.E.T. measures confirmed that the surface area of the ruthenium 
catalyst was only 115 m2/g. 
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As shown in the last paragraph, the surface area is a fundamental parameter to reach high catalytic 
efficiency towards hydrogenation. For example, the activity difference between the ruthenium 
system supported on charcoal and on alumina was explicated to the significant difference surface 
area of the support: 900 m2/g for charcoal against 220 m2/g  for alumina. Even tough the metal was 
supported on a big amount of NBP, the low surface area of the acid caused an lower than expected 
activity toward the levulinic acid hydrogenation. 
Another explanation of this low efficiency could be related to the lower activity of the 
heterogeneous acid catalyst. In fact, the metal deposition on an acid catalyst surface could give a 
passivation of a significant amount of the acid sites of NBP. Therefore, the effective acidity of the 
support could be lower in respect of NBP alone. This fact could cause a heterogeneous acid system 
less active toward the carbonyl activation and the lactone formation. 
 
 
6.7.2 Palladium supported on Amberlyst 70 (Pd/A70) 
 
As above explained, Amberlyst resins can not be used as support for ruthenium systems because of 
their thermal instability at the high temperature necessary for the ruthenium (III) reduction.  
On the contrary, when a palladium catalyst is synthesized, the request of a low temperature (about 
100 °C) for the reduction of the metal precursor, permitted the employment of A70 resin as support. 
This new catalyst was prepared by a microwaves assisted solvothermal process impregnation of a 
palladium (II) precursor, palladium acetate, on Amberlyst 70 at room temperature in ethanol 
solution. Pd (II) was then reduced at 100 °C under MW irradiation using the CEM microwave 
instrument (see experimental section for details). The solvent was then evaporated and the catalyst 
was dried and stored for successive experiments. 
In table 6.26 run H60_2 has been reported. It was carried out with the new Pd/A70 system. 
Likewise the case of Ru/NBP, the catalyst was synthesized in order to have the same molar amount 
of metal and acid catalyst already employed in the experiments with the commercial systems.  
The results obtained for run H60_2 were compared to those obtained without acid (run H58) and 
with the acid and the catalyst separately added to reaction mixture (run H60).  
Also in this case, as it happened for the Ru/NBP system, the profile of the reaction with our new 
supported catalyst had an intermediate behaviour between the two run reported for comparison (see 
figure 6.25). The reaction was faster than without the acid catalyst, but the recorded GVL yield was 
lower than that obtained in run H60.  
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Conversion levulinic acid
(% mol) 
Selectivity to GVL 
(% mol) 
Run Catalyst Acid catalyst P-H2 
(atm)
T 
(°C)
30’ 1h 2h 3h 4h 5h 30’ 1h 2h 3h 4h 5h
H58 Pd/C 5 % 
9.89 µmol 
- 30 70 1 4 8 11 18 22 100 100 100 100 100 100
H60 Pd/C 5 % 
9.89 µmol 
Amberlyst 70  
2.8 meq 
30 70 8 17 36 53 60 64 100 100 100 100 100 100
H60_2 Pd  
9.89 µmol  
on A70 
Amberlyst 70  
2.8 meq 
30 70 5 11 23 32 39 48 100 100 100 100 100 100
Reaction conditions:  Pd: 9.89 µmol; Solvent: Water 40 ml; Levulinic acid: 0.017 mol;  
 
Table 6.26: Hydrogenation of LA in water with the synthesized Pd on A70 system 
 
As it happened for Ru/NBP system, the intermediate activity of the catalyst could be caused by the 
metal deposition on acid sites of the support and by the very low surface area of the resin. 
Palladium on charcoal has a surface area of 800 m2/g whereas resin A70 has only 36 m2/g. The 
synthesized catalyst is not very active because of the little number of superficial active sites. So, the 
study of resin supported metal catalyst has not been continued.  
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Figure 6.25: GVL yield for the Pd/A70 system compared to commercial ones 
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6.8 Ethyl levulinate reduction  
 
LA esters are synthesized by the esterification reaction of levulinic acid with the proper alcohol. 
Thus, to obtain GVL, it could appear more attractive the hydrogenation of LA instead of levulinic 
esters.  
The levulinic acid esters hydrogenation to GVL has not been extensively mentioned in the literature 
[4, 5]. As seen in chapter 3, alkyl levulinate hydrogenation has been proposed by Schuette [4] in 
1931, by using platinum oxide as catalyst. Hayashi, in 1957 [5], proposed Me, Et, Bu, Cyclohexyl 
levulinate hydrogenation with nickel Raney catalyst to give the corresponding γ-hydroxyvaleric 
acid esters. It is not easy to find recent references on this reaction. 
Recently, the levulinic esters hydrogenation has been proposed for its enantioselective 
hydrogenation with chiral modificants [40] for satisfying the frequent requests of optically active 
compounds. 
Furthermore, acid catalyzed direct conversion of biomasses to alkyl levulinates (like butyl 
levulinate) has been illustrated [41]. Indeed, when the carbohydrate degradation is carried out in an 
alcoholic medium instead of water, the corresponding levulinic ester, in place of LA, is obtained. 
In this context, if the biomass direct degradation product is an alkyl levulinate, the study of its 
hydrogenation to GVL appears very interesting. 
Due to these preliminary remarks, the already shown catalytic LA hydrogenation research has been 
extended to the substrate Ethyl Levulinate (EL). 
In this screening, it has been decided to adopt ethanol as solvent for two main reasons. The use of 
water as reaction medium has been excluded because water could hydrolyze ethyl levulinate with 
consequent partial LA formation.  
Moreover, the use of other alcoholic media, like methanol, could create trans-esterification by-
products, therefore, ethyl alcohol appeared as the prime candidate. In addition, EL hydrogenation 
has been studied thinking about the future one-pot approach where ethanol could be the solvent for 
the previous biomass hydrolysis step (direct biomass conversion to EL). 
For the following runs, it has been decided to adopt the same reactant and catalyst molar amounts 
previously employed in LA hydrogenation: 0.017 mol of substrate and 9.89 µmol of metal catalyst. 
Like in LA hydrogenation, the influence of a heterogeneous acid catalyst has been also studied.  
In table 6.27 the first experiments of this survey are summarized: in this screening, the used catalyst 
was a 5 % commercial ruthenium on alumina.  
First run, E1 (see table 6.27) was carried out at the same experimental conditions of run H1 where 
LA was employed as substrate. Working at a high temperature of 180 °C, it was possible to obtain a 
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good GVL molar yield (up 78 %) with total selectivity. Since the operative conditions of run E1 
were not so mild, another run (E2, see table 6.27) was performed at the lower temperature of 70 °C 
instead of 180°C. In these conditions, a significant decrease of EL conversion has been detected 
(after 5 hours, only 31 % of yield against 78 % obtained at 180 °C).  
 
Conversion ethyl levulinate
(% mol) 
Selectivity to GVL 
(% mol) 
Run Acid catalyst P-H2 (atm) T  
(°C)
30’ 1h 2h 3h 4h 5h 30’ 1h 2h 3h 4h 5h
E1 - 70 180 20 38 53 62 71 78 100 100 100 100 100 100
E2 - 70 70 6 11 17 21 26 31 100 100 100 100 100 100
E3 - 100 50 0.5 1 3 5 9 12 100 100 100 100 100 100
E4 Amberlyst 70  
2.8 meq 
70 70 15 28 42 54 63 73 100 100 100 100 100 100
E5 Amberlyst 15  
2.35 meq 
100 50 1 4 11 26 34 42 100 100 100 100 100 100
E6 Amberlyst 70  
2.8 meq 
100 50 5 9 21 32 42 50 100 100 100 100 100 100
Reaction conditions: Catalyst: Ru/Al2O3 5 %9.89 µmol of Ru; Solvent: Ethanol 40 ml; Ethyl levulinate: 0.017 mol;  
 
Table 6.27: Hydrogenation of EL with Ru/γ-Al2O3 in ethanol  
at various temperatures and pressures 
 
Next run (run E3, table 6.27) has been carried out at a lower temperature than E2 but a higher 
hydrogen pressure (100 atmospheres). Likewise for LA, despite of the hydrogen pressure increase 
(from 70 to 100 atmospheres), the decrease of the temperature influenced negatively the substrate 
conversion: after 5 hours, only 12 % of EL was hydrogenated to GVL. 
When the same runs were replicated with acid resin addition, a remarkable GVL yield increase was 
registered. It is significant to note that he GVL yield obtained after 5 hours for run E4 was almost 
the same in respect of that obtained without co-catalyst but working at a much higher temperature 
reaction like 180 °C (73 % molar yield for run E4 against 78 % for run E1). It is interesting to 
notice also in this run series the positive effect on reaction rate of Amberlyst 70 in respect of 
Amberlyst 15. 
Run E5 and E6 were carried out at the same conditions, varying only the co-catalyst: at each 
reaction time A70 had a more positive effect on the catalytic behaviour. 
Encouraged by these results, it was decided to work under milder reaction conditions. Runs E7-E12 
were carried out at lower hydrogen pressure than corresponding runs of previous group. Since the 
resin A70 was demonstrated to be the best co-catalyst, it has been used in these runs, reported in 
table 6.28. Each experiment was performed two times: in absence and in presence of the ion 
exchange acid resin. 
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Conversion ethyl levulinate
(% mol) 
Selectivity to GVL 
(% mol) 
Run Acid catalyst P-H2 
(atm) 
T  
(°C) 
30’ 1h 2h 3h 4h 5h 30’ 1h 2h 3h 4h 5h 
E7 - 30 70 1 3 8 11 18 25 100 100 100 100 100 100 
E8 Amberlyst 70  
2.8 meq 
30 70 12 21 32 40 54 66 100 100 100 100 100 100 
E9 - 15 70 0.5 2 5 8 11 15 100 100 100 100 100 100 
E10 Amberlyst 70  
2.8 meq 
15 70 2 8 15 26 45 60 100 100 100 100 100 100 
E11 - 70 50 0.5 1 2 4 7 9 100 100 100 100 100 100 
E12 Amberlyst 70  
2.8 meq 
70 50 2 5 11 20 26 30 100 100 100 100 100 100 
Reaction conditions: Catalyst: Ru/Al2O3 5 %9.89 µmol; Solvent: Ethanol 40 ml; Ethyl levulinate: 0.017 mol;  
 
Table 6.28: Hydrogenation of EL with Ru/γ-Al2O3 in ethanol at various conditions:  
the effect of the addition of A70:  
 
In the runs from E7 to E10, hydrogen pressure was decreased from the original 70 atmospheres of 
run E2 to 30 atmospheres (runs E7, E8) and further halved to 15 atmospheres (runs E9, E10).  
The runs carried out at the same temperature of 70 °C and different hydrogen pressures can be 
divided in two groups: those carried out with the metal supported catalyst alone, and those carried 
out with acid co-catalyst addition (respectively runs group E2, E7 and E9 carried without co-
catalyst and runs group E4, E8 and E10 carried out with co-catalyst).  
Comparing the runs of each group, it is possible to note the pressure decreasing does not affect too 
much the reaction rate. In particular, analyzing the obtained results with co-catalyst group, it is 
possible to remark that a significant pressure decrease from 70 to 15 hydrogen atmospheres (run E4 
against run E10) reduced the GVL yield only from 73 to 60 % mol.  
On the other side, the same pressure decrease in the series of runs carried out without acid co-
catalyst, reduced the GVL yield from 31 (run E2) to 15 % (run E9). 
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Figure 6.26: Co-catalyst positive effect on the conversion at different pressures and temperatures 
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In the histogram reported in figure 6.26, the conversion values, obtained after 5 hours, with and 
without co-catalyst at the same reaction conditions (see tables 6.27 and 6.28) were compared.  
Run E11 and E12 (see table 6.28) were performed at the same temperature of 50 °C of the 
corresponding runs E3 and E6 but at lower pressure of 70 instead of 100 hydrogen atmospheres. In 
these reaction conditions the obtained GVL yields were very low: although the use of co-catalyst, 
only 30 % molar EL conversion was ascertained after 5 hours (see last two points of graphic of 
figure 6.26).  
Thus, it is possible to conclude that, for the catalytic system 5 % Ru on alumina, a temperature of 
50 °C is too low to obtain satisfactory results. Therefore, the pressure was not further decreased in 
other runs at this low temperature.  
 
In successive experiments, the supported 5 % wt. ruthenium on charcoal has been employed.  
With this catalyst, already demonstrated to be the most effective on levulinic acid hydrogenation, 
milder starting conditions than those of alumina supported system have been employed.  
Run E13 (see table 6.29) were carried out at 30 hydrogen atmospheres and 70 °C. Even tough the 
reported GVL yields were not so high, they were definitely better than which obtained with the Ru 
on alumina (see table 6.28, run E7) where 25 % instead 33 % of substrate conversion was achieved 
after 5 hours.  
When the run E13 was replicated with the co-catalyst Amberlyst 15 (run E14), a remarkable molar 
conversion percent was detected. In run E13 33 % GVL molar yield was ascertained after 5 hours 
whereas in run E14, after 5 hours, an almost total substrate conversion was reached (see table 6.29). 
This result, very good, was never observed before and has not reported in literature yet.  
 
Conversion ethyl levulinate
(%mol) 
Selectivity to GVL 
(%mol) 
 
Run 
Acid catalyst P-H2 
(atm) 
T (°C)
30’ 1h 2h 3h 4h 5h 30’ 1h 2h 3h 4h 5h
E13 - 30 70 5 10 17 23 29 33 100 100 100 100 100 100
E14 Amberlyst 15 
2.35 meq 
30 70 41 70 84 89 95 98 100 100 100 100 100 100
E15 Amberlyst 70 
2.8 meq 
30 70 56 80 96 99   100 100 100 100 100 100
E16 NbOPO4  
 0.75 g 
30 70 29 51 67 75 81 84 100 100 100 100 100 100
E17 Nb2O5 
1.2 g 
30 70 19 35 48 57 63 66 100 100 100 100 100 100
E18 c-ZrP2O7 
1 g 
30 70 16 27 39 47 56 61 100 100 100 100 100 100
Reaction conditions: Catalyst: Ru/C 5 %9.89 µmol of Ru; Solvent: Ethanol 40 ml; Ethyl levulinate: 0.017 mol;  
 
Table 6.29: Hydrogenation of EL with Ru/C in ethanol: the effect of various co-catalysts addition 
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Likewise the previous study, run E14 has been replicated by changing the heterogeneous co-
catalysts, and using those already employed in LA hydrogenation: Amberlyst 70, Niobium 
Phosphate, Niobium Oxide, and cubic Zirconium Pyrophosphate respectively (runs from E15 till 
E18, see table 6.29).  
The ion exchange resin A70 demonstrated to be the most effective on the reaction rate increase. 
With the employment of A70, after a short time of only 3 hours, it was possible to obtain the almost 
complete conversion of EL to the desired product.  
In figure 6.27 the GVL yield profiles obtained for each co-catalyst are reported. The effect of 
heterogeneous acid catalyst, in particular of resin Amberlyst 70, is significant.  
In this thesis work, it has been demonstrated, for the first time ever, that it was possible to obtain the 
complete and selective Ethyl Levulinate hydrogenation to GVL in a very short reaction time and no 
drastic reaction conditions (high pressure and temperature). With this simple and not expensive 
method it was made possible to completely convert the substrate to the requested product.  
It has been demonstrated that in each run, the acid co-catalyst addition affected very positively the 
reaction rate. Various systems have been tested and it was demonstrated that ion exchange resin 
Amberlyst 70 was the best co-catalyst. As a consequence, the following runs have been performed 
only with this acid system. 
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Figure 6.27: Co-catalyst effect on the kinetic reaction  
 
Therefore, similarly to the study already reported about LA hydrogenation, run E13 has been 
replicated at milder temperature and pressure conditions. Thus, runs E19 and E20 have been 
performed at the halved pressure of 15 hydrogen atmospheres (comparison with run E13, hydrogen 
pressure 30 atmospheres). First, the experiment was carried out without resin (run E19, table 6.30) 
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and then it was replicated in its presence (run E20, table 6.30). Despite of the pressure decrease, the 
system remained very active: after three hours a 88 % molar yield was ascertained and the total 
conversion was reached after 5 hours. With the resins as co-catalyst it is possible to obtain a yield 
four times higher than that achieved without it. 
Runs E19 and E20 were replicated at lower hydrogen pressure: only five atmospheres (run E21-E24, 
see table 6.30). Despite of this decrease, the GVL yields detected at the different reaction times 
remained very high and almost total substrate conversion was achieved after 5 hours in the presence 
of A70 as co-catalyst. 
Likewise the experiments shown before, the pressure decrease did not affect too much the  reaction 
rate as much as the temperature reduction. Therefore, runs E21 and E22 were replicated in the 
mildest conditions (already tested for LA; see run H55, table 6.14) tested in this work: pressure of 5 
atmospheres and temperature of 50 °C (see runs E23 and E24, table 6.30).  Notwithstanding the low 
temperature, a remarkable EL molar conversion (73 % mol) has been detected after 5 hours. 
 
Conversion ethyl levulinate
(% mol) 
Selectivity to GVL 
(% mol) 
Run Acid catalyst P-H2 
(atm) 
T  
(°C)
30’ 1h 2h 3h 4h 5h 30’ 1h 2h 3h 4h 5h
E19 - 15 70 2 4 11 17 23 26 100 100 100 100 100 100
E20 Amberlyst 70 
2.8 meq 
15 70 42 65 76 88 96 100 100 100 100 100 100 100
E21 - 5 70 2 3 9 13 18 21 100 100 100 100 100 100
E22 Amberlyst 70 
2.8 meq 
5 70 26 41 60 75 87 96 100 100 100 100 100 100
E23 - 5 50 1 2 7 11 18 18 100 100 100 100 100 100
E24 Amberlyst 70 
2.8 meq 
5 50 20 35 50 61 70 73 100 100 100 100 100 100
Reaction conditions: Catalyst: Ru/Al2O3 5 %9.89 µmol; Solvent: Ethanol 40 ml; Ethyl levulinate: 0.017 mol;  
 
Table 6.30: Hydrogenation of EL with Ru/C and A70 in ethanol working 
at mild temperatures and pressures 
 
The results exposed in this work are very satisfactory: using simple, not expensive and commercial 
reagents it was made possible to improve in a significant way the ethyl levulinate hydrogenation 
reaction without formation of any by-product.  
In literature there are not references showing results as promising as those here illustrated. In the 
reactions studied in this thesis work, the combination of two commercial catalytic systems was 
proposed for the first time.  
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6.9 Conclusions 
 
In our work, a new innovative system for the selective hydrogenation of LA and EL to GVL has 
been proposed and patented [42].  
This innovation is based on the combination of two catalytic components. They are a metal 
supported hydrogenation catalyst and a heterogeneous acid that activates the carbonyl group to the 
hydrogenation reaction and favours the successive lactonization of hydrogenated product.  
The fact that both catalysts are heterogeneous is very promising for their industrial application. 
They offer the advantage of a very easy separation from the reaction products and recycle, 
appearing the most suitable catalysts for a potential industrial process. 
Furthermore, with this method, it is possible to work under very mild reaction conditions. The 
opportunity of working at pressures low as 5 atmospheres and temperatures as 50 °C with high 
yields makes possible the industrial application of the process.  
Moreover, the system is effective in ethanol and in water, which are “green” solvents, not toxic, not 
expensive and that can be used without any problem of corrosion in an industrial plant. 
Indeed, industry prefers the use of water or ethanol (renewable and green media) as solvents. In 
particular, the use of water as reaction medium would greatly contribute to the development of an 
environmentally friendly process.  
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Chapter 7 
One Pot Conversion 
7 One Pot Conversion 
 
7.1 Introduction 
 
In the chapters 4 and 5 it was described the carbohydrate degradation to levulinic acid starting from 
waste materials and from dedicated crops.  
In the previous chapter, a new, innovative, efficient method for levulinic acid and its esters selective 
hydrogenation to GVL has been proposed. The levulinic acid used for this study was the pure 
commercial product provided from Sigma Aldrich.  
On the contrary, in this section, the study on raw levulinic acid hydrogenation to GVL will be 
illustrated. 
The studies on the direct synthesis of GVL from C6-sugar sources (D-fructose, inulin and cellulose) 
and biomasses without isolation of the intermediate LA will be reported in this chapter.  
Compared to the use of LA as a starting material, this approach reduces the number of processing 
steps and may lead to a reduction of the manufacturing costs for the production of GVL. A scheme 
of the reaction sequence is given in Figure 7.1.  
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OH
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Figure 7.1: The one pot reaction scheme 
 
As widely illustrated before, the reaction of hexoses to LA is an acid catalysed hydrolysis reaction 
and is typically performed in water using strong mineral acids like HCl or H2SO4 [1-3]. The use of 
heterogeneous catalysts has also been reported [1, 4-6]. By-products of this reaction are 5- 
hydroxymethylfurfural (HMF), formic acid (FA, actually a co-product) and insoluble solid 
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materials known as humins [8, 9]. HMF is an intermediate product which under appropriate 
conditions may be quantitatively converted to LA. The insoluble humins are formed in a parallel 
mode from both the C6-sugar precursor as well as from the intermediate HMF. Typical yields for 
LA from D-glucose are about 62 mol % [2], whereas the yields for D-fructose are considerably 
higher (78 % mol) [3, 5]. 
To obtain GVL from a C6-sugar in a one pot approach without isolation of the intermediate LA, the 
combined action of an acid catalyst and a hydrogenation catalyst is required. Examples of this 
approach, either with homogeneous or heterogeneous catalysts and/or molecular hydrogen or formic 
acid as the hydrogen source, are scarce.  
Our research group, many years ago, reported the use of Ru carbonyls homogenepus systems 
(Ru(CO)4I2) in combination with HI for the conversion of D-glucose and D-fructose to GVL [10]. 
Using syngas (CO/H2) in combination with D-glucose, GVL yields up to 40 mol% were obtained.  
Recently, Horvath [11, 12] reported the use of water soluble homogeneous Ru-catalysts prepared in 
situ from RuCl3 and TPPTS in combination with H2SO4 (0.5 mol/l) as the acid catalyst and 
molecular hydrogen as the hydrogen donor. With sucrose, the main products were D-sorbitol and D-
mannitol, indicating that the acid catalysed conversion of sucrose to LA was much slower than the 
direct hydrogenation of the D-glucose and D-fructose, the monomeric building blocks of sucrose. 
By applying higher acid concentrations (1.8 mol/l), the rate of the acid catalysed dehydration 
reaction of sucrose to LA was considerably higher than the direct hydrogenation to D-sorbitol and 
D-mannitol leading to GVL yields of up to 40 % [12]. 
To the best of our knowledge, the only publication about the direct synthesis of GVL from C6-
sugars by the combined action of a heterogeneous hydrogenation and a homogeneous acid 
dehydration catalyst was reported last year by the research group of Herees [13]. 
They reported the catalytic hydrogenation/acid hydrolysis of monomeric C6 sugars (D-glucose and 
D-fructose) or dimeric  (as sucrose) and polymeric (as cellulose) in water using Ru/C as the 
hydrogenation catalyst, trifluoroacetic acid (TFA) as the acid catalyst and either molecular 
hydrogen or formic acid as the hydrogen donor. 
When the reaction was carried out at 180 °C for 16 h of reaction time, D-fructose used as the C6-
sugar source and formic acid employed as hydrogen sources, a GVL molar yield of 52 % was 
obtained. The major by-products were insoluble solids, known as humins, formed during the acid 
catalysed conversion of D-fructose to the intermediate levulinic acid (LA).  
When molecular hydrogen was used as the hydrogen source, the highest yield of GVL (62 mol%) 
was obtained using D-fructose in combination with TFA and Ru/C in water (180 °C, 94 
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atmospheres of H2, 8 h). Complete conversion of D-fructose was observed at these conditions. The 
major by-products resulted formic acid and insoluble solid materials (humins).  
They also reported the use of a pre-formed homogeneous water soluble ruthenium catalysts 
prepared from RuCl3 and tris(3-sulfonatophenyl)phosphane (TPPTS) in combination with TFA. 
With this system, quantitative C6-sugar conversions but a lower GVL yield (23 mol %) were 
ascertained. 
 
 
7.2 Hydrogenation of Levulinic acid derived from fructose and inulin 
dehydration 
 
7.2.1 Hydrolysis of fructose and inulin to LA in the presence of heterogeneous 
acid catalysts 
 
For the one pot approach, various biomass types have been used in the present work. It has been 
decided to start with a simple starting material, such fructose, to verify the feasibility of the process 
and afterwards to proceed testing complicated polymeric substrates (inulin, cellulose) till 
lignocellulosic biomasses already studied in the chapter 5. 
In this first run series, D-(-)-fructose (figure 7.2) was used as substrate. It has been decided to start 
from a simple material such as fructose and subsequently from its polymer inulin (see figure 7.3). 
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Figure 7.2: D-(-)-fructose 
 
Initial studies were devoted to fructose because this compound is an intermediate in the conversion 
of carbohydrates to LA, as widely shown in the chapter 2. 
As seen before, raw biomass carbohydrates degradation generally required a homogeneous acid 
catalyst because the substrate was insoluble in the reaction medium. A big advantage of the use of 
fructose is its water solubility, which has made possible, in this initial screening, the employment of 
a heterogeneous catalyst for the biomass degradation.  
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Inulin is a naturally occurring polysaccharide produced by many types of plants: it was obtained 
from β-D-fructose polymerization. Inulin is used by some plants as a means of storing energy and is 
typically found in roots or rhizomes. Most plants that synthesize and store inulin do not store other 
materials such as starch. Its water solubility make inulin the most simple polymeric substrate that 
coul be used as starting material in this one pot reactions study. 
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Figure 7.3: Inulin 
 
In these preliminary experiments, Niobium Phosphate (NBP) and Amberlyst 70 (A70) were chosen 
as the heterogeneous acid catalysts for the hydrolysis. In fact, it has been widely demonstrated in 
the last chapter that they were very effective in the LA hydrogenation. NBP was the most effective 
between the other inorganic compounds studied, on the other hand, the ion exchange resins were 
more effective than heterogeneous inorganic acids, but only A70 was stable at the high temperature 
required for the hydrolysis of the substrate. 
In the research group where this thesis project has been completed, fructose (and its polymer inulin) 
selective degradation to HMF has extensively been studied [14-16]. The heterogeneous catalysts 
investigated for the reaction were niobium oxide, niobium phosphate, various zirconium phosphates. 
In the chapter 2, it was explained that HMF was an intermediate product of hexoses degradation to 
levulinic acid. Thus it is possible to shift the HMF reaction synthesis to LA by increasing the 
temperature. Moreover, the use of a heterogeneous acid catalyst appears very promising because it 
has a double function. In fact, it can catalyze both the reaction steps (first the biomass hydrolysis to 
LA,then LA hydrogenation to GVL).  
 
 
7.2.1.1. Niobium Phosphate (NBP) catalytic activity 
 
When niobium phosphate catalyzed fructose and inulin degradation at 100 °C, HMF was the main 
product [15]. On the other side, when the reaction was performed at higher temperature, it was 
possible to shift the selectivity toward HMF hydrolysis and LA production. Preliminary test have 
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been carried out in order to find the best temperature at which the conversion is maximized toward 
LA instead of HMF. 
So, in small glass test tubes and using microwave CEM instrument as heating source (see 
experimental section for details) a series of experiments in a wide range of temperatures were 
carried out. For this screening, both substrates, fructose and inulin, were employed.  
Each run was carried out for a reaction time of 30 minutes, then the reaction mixture was quenched 
and analyzed by GC (following the method described in the experimental section) to determine LA 
and HMF yields. In table 7.1, besides the ponderal and molar yields for both products also the 
selectivity towards LA was reported. 
The molar selectivity was calculated as follows: 
Molar LA Selectivity (%) = 100
)()(
)( ×+ HMFmolLAmol
LAmol  
 
The total substrate conversion has not been reported in the table because it is not easy to determine. 
In addition to the detectable reaction products like LA, HMF and formic acid (FA), also degradation 
by-products, such as humins, could be formed in the reaction medium. Humins, which are heavy 
molecular weight solids or oligomeric liquid by-products, can not be determined with our 
instrumentation. 
In table 7.1 the experimental conditions and LA and HMF yields were reported. Two different 
yields were reported in the table: the ponderal and the molar one.  
 
Run substrate T  
(°C) 
t  
(min) 
YLA  
(% wt.) 
YHMF  
(% wt.) 
YLA  
(% mol) 
YHMF  
(% mol) 
Selectivity to LA 
(% mol) 
f1 Fructose 140 30 16 6 25 9 74 
f2 Fructose 150 30 17 5 27 7 79 
f3 Fructose 160 30 18 5 28 7 80 
f4 Fructose 180 30 23 5 36 7 83 
f5 Fructose 200 30 22 4 34 6 86 
i1 Inulin 150 30 18 6 27 8 78 
i2 Inulin 160 30 19 6 28.4 8.5 77 
i3 Inulin 180 30 23 8 33 11 76 
i4 Inulin 200 30 24 7 35 9 79 
Reaction conditions:  
Catalysts: Niobium Phosphate (NbOPO4) 0.1 g; Solvent: Water 3.5 ml;  
Substrate: 0.2 grams (equal to 0.0011 mol of fructose and 0.0012 mol of fructan unity of inulin)  
 
Table 7.1: Fructose and inulin degradation to LA with NBP: the effect of the temperature 
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Ponderal yield (it is indicated as YLA or YHMF % wt.) refers to the weight of product obtained 
compared to the weight of starting material. Molar yield (it is indicated as YLA or YHMF % mol.) 
refers to the molar amount of product compared to the molar amount of substrate. 
It is evident from the reported data shown in table 7.1 that 180 °C and 200 °C are the best 
temperatures for fructose and inulin respectively. At this temperatures the yields of LA were 
maximized while the yields of HMF were minimized. It is remarkable that fructose and inulin gave 
analogous performances, thus confirming that in aqueous medium the hydrolysis of this fructan as 
fructose is faster that its conversion to give HMF and LA [14]. As a consequence, inulin can 
profitably replace fructose as starting raw material for this process.It appears evident from the data 
reported in the table that at higher temperature not only greater LA yield, but also more selectivity 
and lower HMF formation has been ascertained.  
Therefore, 180 °C and 200 °C are demonstrated to be the best temperature process where the LA 
yield was maximized, and successive one pot runs, will be carried out at both these temperatures for 
a better catalytic screening. 
 
 
7.2.1.2. Amberlyst 70 
 
Since NBP was demonstrated to be not so active and selective catalyst for fructose and inulin 
hydrolysis to LA, the following runs were carried out by adopting the ion exchange resin A70. This 
resin, which was widely illustrated in previous chapter to be the most effective acid catalyst for LA 
hydrogenation, has to be used at temperature lower than 190 °C, because, for a temperature higher 
than this value, the resin could decompose. Likewise for NBP system, catalytic initial screening has 
been carried out on a small scale adopting the CEM microwaves oven. In table 7.2 the experimental 
conditions and obtained yield of levulinic acid for the hydrolysis of fructose and inulin with A70 as 
acid catalyst are reported. 
To be sure that no resin decomposition occurred in the reaction medium, it has been chosen 180 °C 
as the maximum hydrolysis temperature. 
Run f6 (table 7.2) was carried out at 180 °C for 30 minutes adopting the same reaction conditions of 
previous runs, where NBP instead of A70 was employed as catalyst. 
The obtained levulinic acid yield was very good and better than those obtained when NBP was 
employed. A ponderal levulinic acid yield of 32 wt %, instead of 23 wt % (comparison with run f4, 
table 7.1) was ascertained. Furthermore, in these conditions, HMF presence was not detected, and 
the reaction selectivity was total to LA. This important experimental evidence underlines that the 
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A70 resin not only was more active toward fructose hydrogenation, but also it favoured the 
subsequent hydrolysis of the intermediate HMF to levulinic and formic acid.  
 
Run substrate T  
(°C) 
t  
(min) 
YLA  
(% wt.) 
YHMF  
(% wt.) 
YLA  
(% mol) 
YHMF  
(% mol) 
Selectivity to LA 
(% mol) 
f6 Fructose 180 30 32 - 50 - 100 
f7 Fructose 180 60 33 - 53 - 100 
f8 Fructose 170 30 26 - 41 - 100 
f9 Fructose 160 30 19 3 30 4 87 
i5 Inulin 160 30 23 2 36 3 93 
i6 Inulin 170 30 30 - 47 - 100 
i7 Inulin 180 30 39 - 56 - 100 
Reaction conditions:  
Catalysts: Amberlyst 70 0.1 g; Solvent: Water 3.5 ml;  
Substrate: 0.2 grams (equal to 0.0011 mol of fructose and 0.0012 mol of fructan unity of inulin)  
 
Table 7.2: Fructose and inulin degradation to LA with A70 
 
Since the molar yield of levulinic acid was 50 %, indicating that not complete conversion of the 
substrate was occurred. In order to determine if unreacted fructose was present after 30 minutes, the 
next run was carried out for a double reaction time: 60 minutes instead of 30 minutes of run f6.  
The ascertained yield of levulinic acid for run f7 was only one point percent higher than which 
obtained for run f6. This fact demonstrated that probably all the fructose was converted. Possible 
by-products could be insoluble humins. In fact, after the reaction, the pellets of A70 were black 
coloured instead of the typical amber colour, probably due to the humins deposition on the resin 
surface. Next runs were all performed for a reaction time of 30 minutes because no LA yield 
increase was detected after this time. 
Run f8 and f9 were carried out at lower temperature, 170 and 160 °C respectively. It appears clear 
that the yields were much lower and, when the reaction was performed at 160 °C, the catalyst was 
also less selective. In run f9, carried out at 160 °C, a little amount of HMF was detected (see table 
7.2). However, it is important to note that the catalytic system A70, also in the worst run, permits to 
reach a higher LA yield value and higher selectivity than the NBP catalyst (comparison with run f3, 
table 7.1).Thus, it is possible to conclude that the highest temperature of 180 °C is the best 
temperature for the fructose hydrolysis to LA with high yield. 
In table 7.2 experiments carried out adopting inulin as substrate have been reported. Also in this 
case a temperature screening has been done and it was possible to conclude that 180 °C was the best 
temperature in order to reach the highest levulinic acid yield. The value reported for run i7 was 
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higher than that obtained in the analogous experiment where NBP was used as catalyst (confront 
run i3, table 7.1). Thus, after this initial preliminary tests, one can conclude that the ion exchange 
resin A70 is the more active and selective heterogeneous catalytic system for the fructose and inulin 
hydrolysis to levulinic acid. However, for the successive experiments, where the one pot conversion 
will be carried out, it has been decided to test both the acid catalysts. 
 
 
7.2.2 One pot hydrogenation 
 
The one pot experiments were carried out as follows: fructose/inulin, water and both catalysts (the 
acid and the hydrogenating catalyst) were poured into the reactor which was purged with 30 
nitrogen atmospheres.  
The autoclave was then heated and the substrate hydrolysis was performed for the fixed time. After 
sampling of reaction mixture to analyze the obtained quantity of LA, the reactor was rapidly 
quenched, degassed from nitrogen and then pressurized with hydrogen for the second step. In this 
second part of the experiments, kinetic GVL formation has not been measured because it was 
widely studied in the chapter 6.  
So, it has been decided to analyze the reaction mixture only at the end of the hydrogenation step. 
The reaction mixture after hydrogenation was sampled for the GC analysis. 
The hydrogenation catalyst adopted for these experiments was the 5 % supported ruthenium on 
charcoal because it was demonstrated to be the best effective system for the LA conversion to GVL. 
It has been decided to use the same reagent and catalyst molar amount of LA employed in the 
hydrogenation experiments (see chapter 6).  
The one pot runs were carried out in autoclave and so it was necessary taking into account the 
greater heating time required for warming a stainless steel reactor with electrical heating in respect 
of a microwaves heated glass test tube.  
The inner autoclave temperature was measured with an internal thermocouple, and thirty minutes of 
reaction time were considered starting from the moment when the temperature reached the desired 
value.  
To reach the required reaction temperature, half hour was necessary, so the total necessary time for 
hydrolysis carried out in autoclave was one hour instead of 30 minutes in CEM MW system. Thus, 
the following experiments, carried out in autoclave instead of in CEM oven, were performed for 1 
hour instead of 30 minutes. 
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7.2.2.1. One pot hydrogenation of fructose 
 
The fructose amount was adopted considering that, in the case of its complete conversion to LA, 
from one mole of substrate, one mole of LA can be formed.  
So, the employed quantity of fructose compounds to the same levulinic molar amount used already 
in direct levulinic acid hydrogenation, equal to 0.017 mol which correspond to 3.1 grams of fructose. 
In table 7.3 the one pot reactions starting from fructose were reported and two columns for GVL 
yield are transferred. In the first one, GVL ponderal total yield, referred to the weight of the starting 
material, was reported, whereas in the second one, GVL molar yield in respect of converted LA was 
indicated. Obviously, since the reactions were carried out in water, the only product was GVL and 
no esterification reaction occurred.  
Thus, it is important to notice that, because the LA hydrogenation is totally selective towards GVL, 
in this case the % molar yield is identical to substrate % molar conversion. 
 
Run Acid 
catalyst 
Ta  
(°C) 
ta 
(h)
YLA  
(% wt.) 
YLA  
(% mol.) 
YHMF  
 (% wt.) 
Selectivity 
to LA 
(% mol) 
P-H2 
(atm) 
Tb  
(°C) 
tb  
(h) 
YGVL c 
(% wt.)
YGVL d 
 (% mol)
F1 NBP 180 1 22 33 3.6 87 30 70 5 18.9 100 
F2 NBP 200 1 24 37 5.3 83 30 70 5 21 100 
F3 NBP 200 0.5 23 35 4 86 30 70 3 17 86 
F4 A70 180 1 30 47 - 100 30 70 5 26 100 
F5 A70 180 1 31 48 - 100 30 70 3 25 95 
Reaction conditions:  
Catalysts: Niobium Phosphate 1.5 g; Amberlyst 70: 2.8 meq; Ru/C 5% 9.89 µmol; Solvent: Water 40 ml; Fructose: 
0.017 mol (3 grams); N2: 30 atm;  
a: first step reaction: biomass hydrolysis 
b: second step reaction: levulinic acid hydrogenation 
c: GVL ponderal yield calculated on substrate starting weight 
d: GVL molar yield calculated on molar quantity of the produced LA converted 
 
Table 7.3: One Pot Hydrogenation of fructose to GVL with NBP, A70 and Ru/C as catalysts 
 
First experiment, run F1 (table 7.3), was carried out using NBP as acid catalyst. After one hour of 
reaction (30 minutes of heating time and 30 minutes of residence time), 22 % of levulinic acid and 
3.6 % of HMF ponderal yields were attained.  
These results were very interesting because they showed that, even changing the scale of the 
experiment (scale ten times bigger: from a volume of 5 ml to a volume of 50 ml) and the heating 
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system (traditional in respect of MW irradiation), the fructose conversion yields to LA and HMF 
remained almost the same.  
After the fructose hydrolysis the autoclave was then charged with hydrogen: the reaction conditions 
chosen for this second steps were those already optimized in the last chapter: 30 hydrogen 
atmospheres and 70 °C. After 5 hours the reaction mixture was analyzed and the complete substrate 
conversion to GVL was ascertained, corresponding to a weight amount of 0.57 grams. 
It is important to note that the little HMF amount remained constant during the hydrogenation step. 
Even tough the LA quantity diminution could shift HMF hydrolysis equilibrium toward LA, the 
hydrogenation operative temperature of 70 °C it is too low to favour LA formation. Likewise it was 
shown in advance, it was necessary to work at temperature higher than 160 °C to hydrolyze HMF to 
LA. As it was mentioned before [13-15], with a temperature of 100 °C (30 °C higher than the 
adopted hydrogenation temperature) almost no LA formation was attained. 
 
Since run F1 gave good results and complete hydrogenation of the LA formed, run F2 (see table 
7.3), was carried out at the higher hydrolysis temperature of 200 °C instead 180 °C) at which, from 
the preliminary tests (table 7.1), a little bit of LA was obtained. Similarly to run f5 (table 7.1), in run 
F2 (table 7.3) best LA yield was achieved and 0.6 g of GVL have been obtained in the one pot 
process. Since run F2 gave good results and complete conversion of intermediate LA, run F3 was 
carried out for a shorter reaction time in the second step (3 instead 5 hours). At the end of reaction, 
86 % of intermediate levulinic acid was converted to GVL: so, 0.51 grams of GVL have been 
obtained in this one pot reaction. 
 
Runs F4 and F5 were performed by adopting the more active and selective catalyst A70. Likewise 
as it happened for the preliminary microwaves tests, very reproducible results were ascertained. The 
two runs were carried out at 180 °C (because this was the higher usable temperature) and they were 
different only for the hydrogenation time: respectively 5 and 3 hours for runs F4 and F5.  
The significant advantage of working with resin A70 is the total selectivity and higher activity of 
the catalyst, above at all for the hydrolysis step. 
In fact, if run F4 is compared with the analogous F1, carried out with NBP, a greater quantity of LA 
was obtained in the presence of A70.  
Moreover, the acid catalyst remained very active for favouring the successive hydrogenation step. 
In fact, when run F4 was replicated for a time shorter as 3 hours (run F5, table 7.3), 95 % of the LA 
was converted to GVL. 
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7.2.2.2. One pot hydrogenation of inulin 
 
Another series of experiments was performed with the same procedure adopted for the above 
described runs, but employing a more cheap substrate: inulin. It is the polymer of β-(-)-fructose, so 
the hydrolysis stage could be more complex than which of a monomeric material such as fructose. 
Also in this case the hydrolysis has been carried out both at 180 and 200 °C, the best temperature to 
obtain high substrate selectivity towards LA (see table 7.1). Experimental conditions and yields 
ascertained are reported in table 7.4.  
Runs I1 and I2 were carried out under the same conditions of runs F2 and F3 and also the second 
step, the hydrogenation, was carried out for three hours like previous runs. The obtained results in 
the biomass dehydration stage were almost the same for both runs: after one hour of first step, 24 % 
of LA molar yield was ascertained.  
The significant difference between these runs and runs F1-F3 (carried out using fructose as starting 
materials) is represented by the lower conversion to GVL in the second step. Indeed, after 3 hours 
of hydrogenation reaction, only 41 and 43 % of substrate (respectively runs I1 and I2, see table 7.4) 
was converted to GVL. This fact could be explained considering a possible ruthenium supported 
catalyst deactivation due to by-products deposition on surface.  
 
Run Acid 
catalyst 
Ta  
(°C) 
ta  
(h) 
YLA  
(% wt)
YLA  
(% mol)
YHMF 
(% wt)
Selectivity 
to LA 
(% mol) 
P-H2 
(atm)
Tb  
(°C) 
tb  
(h) 
YGVL c 
(% wt.)
YGVL d 
 (% 
mol) 
I1 NBP 180 1 23.8 36 7.7 77 30 70 3 8 41 
I2 NBP 200 1 24 37 8.7 75 30 70 3 9 43 
I3e NBP 200 1 23.7 36 8.7 75 30 70 3 18 89 
I4e A70 180 1 38 55 - 100 30 70 3 31 96 
I5e A70 180 1 36 52 - 100 30 70 2 28 92 
I6 A70 180 1 40 57 - 100 30 70 3 20 56 
Reaction conditions:  
Catalysts: Niobium Niobium Phosphate 1.5 g; Amberlyst 70: 2.8 meq; Ru/C 5% 9.89 µmol; Solvent: Water 40 ml; 
Inulin: 0.017 mol of fructan unit (2.7 grams); N2: 30 atm  
a: first step reaction: biomass hydrolysis 
b: second step reaction: levulinic acid hydrogenation 
c: GVL ponderal yield calculated on substrate starting weight 
d: GVL molar yield calculated on molar quantity of the produced converted LA  
e: Ru/C added after the hydrolysis stage 
 
Table 7.4: One Pot Hydrogenation of inulin to GVL with NBP, A70 and Ru/C as catalysts 
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Therefore, the successive runs (I3 and I4, see table 7.4) were carried out in a different way. The 
autoclave was charged with water, inulin and NBP for the first stage; the ruthenium on charcoal was 
added in a second time, after the biomass hydrolysis. In this way, for run I3, the LA conversion 
after 3 hours to GVL was 89 %, the value expected for this reaction.  
The results obtained in these last runs confirmed the hypothesis of metal catalyst deactivation due to 
by-products depositions on the metal active surface sites.  
Therefore, also for the successive runs, the metal catalyst was charged in autoclave always only 
after the biomass hydrolysis, to avoid its deactivation. The acid catalyst A70 was employed in runs 
I4, I5 and I6. As it was expected, the yields of LA and its hydrogenation product were higher than 
which raised with NBP, also because the resin favours the HMF hydrolysis.  
In fact, the yield of GVL reached in run I4 (table 7.4) was significantly greater than run I3, 
performed with NBP. Furthermore, it is remarkable that this high value was reached working at a 
milder temperature: 180 instead of 200 °C.  
Run I4 was replicated for a shorter hydrogenation time, 2 hours (run I5, table 7.4): the very high 
yield of GVL ascertained in this case, analogous to those of the hydrogenation runs described in the 
previous chapter, confirmed that A70 was very active for the inulin hydrolysis and it was not 
deactivated during this step. 
If run I5 was replicated in the presence of the ruthenium catalyst added at the beginning of the 
reaction (run I6, table 7.4), i.e. before the hydrolysis stage, a remarkable GVL yield decrease was 
registered, once again the catalyst deactivation.  
It is significant to note that the decrease in the GVL yield was lower than that observed for runs 
carried out with NBP. A possible explanation of this evidence could be found in the fact that with 
A70 less by-products were formed during the hydrolysis.  
The results obtained from these first two simple substrates, fructose and inulin, are very interesting 
and they are a good starting point for the study of the one pot conversion from different biomass.  
In this initial screening it has been demonstrated, for the first time, that it is possible to obtain a 
considerable quantity of GVL with the approach one pot in short reaction time.  
Furthermore, NBP and A70, the acid catalysts proposed for the first biomass degradation step, have 
a remarkable role for the substrate activation in the subsequent hydrogenation step and they have a 
double role: they promoted biomass acid degradation and favoured LA activation and lactonization 
to GVL. Above all, A70 was demonstrated to be the most affective: it is total selective to LA, it do 
not favour humins formation, and it is also the more efficient activator of the LA for the 
hydrogenation stage. 
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7.3 One pot hydrogenation of Levulinic acid derived from cellulose 
dehydration 
 
 
7.3.1 Cellulose dehydration with heterogeneous catalysts 
 
The study of the one pot conversion of biomass to GVL has been continued with the employ of a 
carbohydrate biomass, cellulose, that is more complex than inulin. Cellulose, as before seen, is a 
polysaccharide consisting of a linear chain of several hundred to over ten thousand of β(1→4) 
linked D-glucose units: LA is formed by cellulose dehydration following the scheme illustrated in 
figure 7.4 and already widely explained in chapter 2.  
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Figure 7.4: Cellulose degradation to levulinic acid 
 
Before studing the one pot conversion of lignocellolosic raw materials such as those seen in chapter 
5 (mischantus, arundo donax, poplar), the attention has been focused on the study of one pot 
hydrogenation of LA produced from pure cellulose hydrolysis. Even tough cellulose is not soluble 
in water, the first runs of this screening have been carried out adopting the ion exchange resin A70 
as acid hydrolysis catalyst, in order to verify the effect of a heterogeneous catalyst on a water 
insoluble substrate. It has been decided to test A70 performances because these experiments were 
carried out on pure cellulose. On the other side, in a complex lignocellulosic material the cellulose 
is linked with the other biomass costituents like lignin and hemicellulose and it could be less easy to 
be hydrolyzed.  
Thus, runs C1-C3 (see table 7.5) were carried out with A70 adopting the same conditions of the 
previous runs carried out on soluble precursors like inulin and fructose. The cellulose amount 
adopted for these experiments was the same cellulose quantity present in a typical lignocellulosic 
biomass like those used before. Indeed, knowing the cellulose average present in lignocellulosic 
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feedstocks employed, the same pure cellulose amount was employed in next runs. The water 
amount was the same employed in biomass hydrolysis runs already mentioned. 
The first run (C1, table 7.5) was carried out in autoclave at 180 °C with NBP as catalyst: despite of 
the heterogeneity of both the biomass and the acid, a detectable amount of LA was formed (LA 
yield was 8 wt. %).  
This was an unexpected and promising result: after the hydrolysis stage, Ru/C was added and the 
hydrogenation was carried out under the above mentioned conditions (reported also in table 7.5). 
The conversion fo the substrate to GVL, after 3 hours, was very high (85 %) and a considerable 
amount of lactone from cellulose in this one pot way was obtained.  
 
Run Acid 
catalyst 
Ta 
(°C) 
ta 
(h) 
YLA  
(% wt.) 
YLA  
(% mol)
YHMF  
(% wt) 
P-H2 
(atm) 
Tb 
(°C)
tb  
(h) 
YGVL c 
(% wt.) 
YGVL d 
(% mol) 
C1e NBP 180 1 5.2 7.5 3.2 30 70 3 3.8 85 
C2e A70 180 1 7 10 - 30 70 3 6 100 
C3e A70 160 1 10 14 - 30 70 3 9 100 
C4e A70 150 1 13 18.7 - 30 70 3 11 100 
C5e NBP 150 1 7.3 10.5 5.1 30 70 3 5 86 
C6 A70 150 1 13.5 19.4 - 30 70 3 3 26 
Reaction conditions:  
Catalysts: Niobium Niobium Phosphate 1.5 g; A70 2.8 meq; Ru/C 5% 9.89 µmol; Solvent: Water 36 ml; cellulose: 
0.009 mol of D-glucose units (1.5 grams); Nitrogen pressure:  30 atmospheres;  
a: first step reaction: biomass hydrolysis 
b: second step reaction: levulinic acid hydrogenation 
c: GVL ponderal yield calculated on substrate starting weight 
d: GVL molar yield calculated on molar quantity of the produced LA converted 
e: Ru/C added after the hydrolysis stage 
 
Table 7.5: One Pot Hydrogenation of cellulose to GVL  
employing NBP orA70 and Ru/C as catalysts 
 
Next runs were performed with the more active catalyst A70 resin. Also in this case A70 was more 
effective towards LA formation and LA hydrogenation. In fact, after three hours, the LA produced 
in the first stage was completely hydrogenated to lactone.  
The experiment C2 was replicated at two lower hydrolysis temperatures: 150 and 160 °C: the 
highest LA yield (13 wt. %) was obtained for run C4 at a temperature of 150 °C.  
Also run C1, which was permormed with NBP, was replicated at the lower temperature of 150 °C 
(see run C5, table 7.5). Likewise as it happened for A70, a great increase of the yield of LA was 
ascertained. The significant difference between the experiment performed with A70 is that with the 
Chapter 7: One Pot Conversion 
 - 175 - 
employment of NBP, the lower temperature also favours the production of HMF instead of LA. 
Thus, the catalytic system containing NBP is less active and less selective. 
In the chapters 4 and 5 it was demonstrated that with lignocellulosic biomasses the higher LA yields 
were ascertained at higher temperature.  
On the other side, when the pure cellulose was hydrolyzed at higher temperature, the LA yield was 
lowered, due to huminic substances formation.  
A possible explanation of these experimental data could be found looking the kinetic model of 
cellulose degradation to LA [17]. It has been demonstrated that the hydrolysis reaction of cellulose 
to decomposition products has the largest activation energy (174.7 kJ mol-1), which implies that the 
reaction is more sensitive to the temperature. The second largest activation energy (164.7 kJ mol-1) 
was observed for the decomposition reaction of glucose to humins. The adopting of the reaction 
temperatures favours these side reactions, and more side products (decomposition products, humins) 
are produced while the formation of LA is suppressed.  
On the contrary, in the case of lignocellulosic biomasses, the higher temperatures favour the 
breaking of the bonds between lignin, cellulose and hemicellose. Thus, even tought the formation of 
humins is favoured, this negative effect is compensed by a positive effect and good yields were 
ascertained at high temperatures. On the contrary, when the hydrolysis was carried out on pure 
cellulose, the high temperature has only a negative effect on the yield of LA. 
Likewise runs carried out starting from inulin, the metal supported catalyst was added to the 
reaction mixture in a second time, to avoid humins deposition on the surface. In all the three runs 
reported in table 7.5, great conversions of substrate to GVL have been achieved after 3 hours.  
It is significant to note that, in every experiment till now examined, for every different starting 
material and every biomass conversion to LA, in the second hydrogenation stage the GVL molar 
yield is always the same if it is avoided catalyst deactivation.  
On the other side, if run C4 was replicated with the metal catalyst charged in the reactor at the 
beginning of the experiment (run C6, table 7.5), a remarkable deactivation has been detected. Run 
C6, indeed, has registered a significant lowering catalyst activity diminution, lower than which of 
runs I1 and I2, both carried out with Ru/C added before the hydrolysis stage. A possible reason of 
this fact could be that in the case of cellulose hydrolysis, a higher significant humins formation has 
been obtained so a greater catalyst deactivation has been occurred. The substrate conversion in run 
C6 was only 26 % (which corresponds to a GVL molar yield of only 3 %) against the 100 % of the 
run of comparison C4 and against 41 and 43 % of the already mentioned runs I1 and I2 carried out 
starting from inulin with the catalyst added at the beginning. 
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7.3.2 Cellulose dehydration with homogeneous catalyst 
 
Even tough NBP and A70 activated cellulose hydrolysis, they were not systems particularly active 
due to the heterogeneity of both catalyst and substrate.  
For this reason, the following runs were carried out by adopting hydrochloric acid as catalyst for 
cellulose dehydration. HCl was already employed for the biomass hydrolysis study illustrated in 
chapters 4 and 5. The acid molar amount has been adopted on the basis of the acid amount already 
used in these biomass degradation experiments. A big advantage of HCl is its high selectivity to the 
target product LA, since HCl may favour HMF subsequent rehydration towards LA and FA. In fact, 
for every performed experiment, levulinic acid was the only reaction product detected and the 
selectivity to LA was total. 
The first stage of reaction, the hydrolysis, was performed for one hour to obtain higher LA yield. 
In table 7.6 the experimental conditions and the obtained results have been reported. In every run, 
the absence of HMF in chromatographic analysis indicated that the total HMF hydrolysis to LA has 
been reached. 
 
Run Ta  
(°C) 
ta  
(h) 
acid  
catalyst 
YLA  
(% wt.) 
YLA  
(% mol.) 
P-H2 
(atm) 
Tb 
(°C) 
tb 
 (h)
YGVL c 
(% wt.) 
YGVL d 
 (% mol) 
C7e 150 1 - 28.2 41 30 70 5 1.2 5 
C8e 150 1 A70  
2.8 meq 
28.6 41 30 70 5 7.3 30 
C9f 150 1 A70  
2.8 meq 
29.3 42 30 70 5 19 100 
C10f 180 1 A70  
2.8 meq 
18.8 27 30 70 5 12.2 100 
C11f 200 1 A70  
2.8 meq 
15.8 22.8 30 70 5 9 100 
Reaction conditions:  
Catalysts: HCl 37 % 1M; Ru/C 5% 9.89 µmol; Solvent: Water 36 ml; cellulose: 0.009 mol of D-glucose units (1.5 
grams); Nitrogen pressure: 30 Atmospheres; acid catalyst for Hydrogenation stage: resin A70 
a: first step reaction: biomass hydrolysis 
b: second step reaction: levulinic acid hydrogenation 
c: GVL ponderal yield calculated on substrate starting weight 
d: GVL molar yield calculated on molar quantity of the produced LA converted 
e: Ru/C added after the hydrolysis stage 
f: neutralization of acid excess with NaHCO3 and Ru/C added after the hydrolysis stage 
 
Table 7.6: One Pot Hydrogenation of cellulose to GVL with HCl and Ru/C as catalysts 
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Runs of this group (see table 7.6) were carried out at different temperatures: 150, 180 and 200 °C. 
Also already observed for the cellulose dehydration catalyzed by HCl, 150 °C remained the best 
temperature for the hydrolysis. The explanation of this experimental evidence could be found in the 
kinetic model already mentioned [4]: at higher temperature, the reaction of formation of huminic 
substances from glucose is favoured. 
If the obtained LA yields in the HCl catalyzed degradation (see table 7.6) were compared with the 
yields obtained with NBP and A70 (see table 7.5), the expected higher positive effect of the 
homogeneous system appears evident. The best runs of each group were compared (runs C4, C5 
and C7): after one hour of hydrolysis the run where cellulose conversion was catalyzed by HCl 
reached 40.5 % of LA molar yield, whereas run catalyzed by A70 and NBP reached only 18.7 and 
10.5 % of LA molar yield respectively. 
The disadvantage of the use of HCL is unfortunately evident observing the results reported for the 
hydrogenation stage (column of GVL yields, table 7.6). Even tough the ruthenium catalyst was 
added also in this case after the hydrolysis step, in first run (C7, table 7.6), the reaction rate to GVL 
was very slow. After 3 hours of hydrogenation, only 5 % of LA was converted to the target product, 
instead of the higher expected value.  
It appeared evident that the catalytic system required also the presence of a heterogeneous acid 
catalyst for the substrate activation in order to favour the reaction.  
Thus, run C7 was replicated with the addition of A70 (run C8, table 7.6). Actually, the reported 
GVL yield was higher than corresponding run carried without the acid co-catalyst, but, 
notwithstanding the presence of the A70 resin, the yield remained lower than that expected (almost 
total conversion of LA), as widely shown in the chapter before. 
One explanation of this behaviour could be the possible catalyst partial deactivation due to the 
hydrochloric acid presents in the reaction medium. In fact, HCl could poison the Ru(0) active sites 
of the catalyst with the formation of the chlorinated catalytically inactive species. 
For this reason, in the successive runs (C9-C11, table 7.6) the hydrogenation step was carried out 
only after the neutralization of the reaction solution with sodium bicarbonate.  
In this way, nearly total LA resulted converted to the target GVL: all the substrate was converted to 
GVL in three hours of hydrogenation. Even tough the complete substrate conversion to GVL was 
ascertained in all these three runs, the lactone amount obtained, was lower in respect of that 
expected. On the basis of the molar yield of lactone (reported in last column of table 7.6) and 
knowing the LA molar amount present in solution, GVL expected ponderal yield was calculated as 
follows: 
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Theoretical GVL ponderal Yield = 
100
)(
)(
)().%( GVLY
LAM
GVLMLAwt ⋅×  
Where M indicates the molecular mass of GVL and LA, and Y(GVL) indicates the lactone percent 
molar yield. Whereas in all the previous runs, carried out without the neutralization step, the GVL 
theoretical ponderal weight was the same of the effectively obtained (and experimentally measured) 
amount of lactone, in these last runs (C8-C10, see table 7.6), the GVL weight percent detected was 
lower than that expected (respectively 25, 16 and 14 % instead 19, 12.2 and 9 % for runs C8, C9, 
C10). Probably, in the basification  step, also a certain LA quantity was neutralized together at HCl 
and Sodium levulinate (a not active species for the succeeding hydrogenation step) was formed.  
This fact was confirmed by analyzing the reaction mixture of runs C10 and C11 containing 
levulinic acid before and after the neutralization with NaHCO3. The GC analysis evidenced that a 
significant LA amount wasn’t detected after neutralization. The quantity of LA that wasn’t 
measured was calculated for difference between the quantity detected before and after neutralization. 
The obtained value  was equal to the difference between the GVL expected and the GVL obtained 
molar quantities. However, the obtained GVL yields were higher than those of runs carried out 
without neutralization (19 % of GVL ponderal yield of run C8 instead 7.3 % of run C7) and this has 
been a good starting point from successive one pot runs performed starting from biomass.  
 
 
7.4 One pot hydrogenation of Levulinic acid derived from biomass 
dehydration 
 
In the above preliminary screening, the best operative conditions for the one pot reaction have been 
determined. Starting from simple biomasses (fructose, inulin and cellulose), it has been 
demonstrated the advantage of metal catalyst addition only after the hydrolysis step and the 
requirement of reaction solution neutralization to avoid the catalyst deactivation. 
Next runs, reported in table 7.7, were carried out starting from raw lignocellulosic materials, the 
same biomasses already employed in the study shown in chapter 5. They are poplar, arundo donax 
and miscanthus: their characteristics have been widely illustrated before. 
In table 7.7 the experimental conditions and the obtained results in the one pot approach are 
reported. The acid and water amounts and the reaction conditions (temperature and times) are the 
same already optimized.  
Run B1 and B2 were carried out adopting poplar as starting material. Levulinic acid ponderal yield, 
after the hydrolysis at 200 °C for 30 minutes was 15 % of initial biomass weight (run B1, table 7.7) 
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whereas, when the run was carried out for a longer reaction time, the yield reached 20 % wt (run 
B2). After three hours of hydrogenation, ponderal GVL yields of 9 and 12 % for runs B1 and B2 
respectively have been reached. These yield were lower than expected. 
 
YGVL  
(% wt.) 
Run Biomass 
(g) 
Acid 
(ml) 
Acid  
catalyst 
(meq) 
Ta  
(°C) 
ta 
 (h) 
YLA  
(% wt.) 
P-H2 
(atm) 
Tb  
(°C) 
tb  
(h) 
YGVL c 
(% mol) 
md te 
B1 Poplar  
1.75 g 
HCl 
1.2 ml 
A70  
2.8 meq 
200 0.5 15 30 70 3 98  9 13 
B2 Poplar  
1.75 g  
HCl 
1.2 ml 
A70  
2.8 meq 
200 1 20 30 70 3 99  12 17 
B3 Miscanthus  
3.75 g 
HCl 
3 ml 
A70  
2.8 meq 
200 1 37 30 70 3 100  24 32 
B4 Arundo D.  
3.75 g 
HCl 
3 ml 
A70  
2.8 meq 
200 0.5 21 30 70 3 98  13 18 
B5 Arundo D.  
3.75 g 
HCl 
3 ml 
A70  
2.8 meq 
200 1 27 30 70 3 98  17 23 
B6 Miscanthus  
3.75 g 
HCl 
3 ml 
- 200 1 35 30 70 3 49 15 20 
B7 Arundo D.  
3.75 g 
HCl 
3 ml 
- 200 1 25 30 70 3 45  7 10 
Reaction conditions:  
Catalysts: HCl 37 %, Ru/C 5% 9.89 µmol and Amberlyst 70 2.8 meq; Solvent: Water 36 ml; N2: 30 atm 
In every runs neutralization of HCl excess with NaHCO3 and Ru/C added after the hydrolysis stage 
a: first step reaction: biomass hydrolysis 
b: second step reaction: levulinic acid hydrogenation 
c: GVL molar yield calculated on molar quantity of the produced LA converted  
d: GVL measured ponderal yield calculated on biomass starting weight 
e: GVL theoretical ponderal yield calculated on detected GVL molar yield  
 
Table 7.7: One Pot Hydrogenation of vegetable biomasses to GVL  
with HCl and Ru/C as catalysts 
 
Miscanthus has been employed in run B3: a remarkable LA ponderal yield has been attained.  
The successive hydrogenation of raw levulinic acid product gave 24 % of GVL in respect of the 
weight of the starting material: this was the highest yield reported up to now for a one pot procedure.  
Run B4 and B5 were performed starting from arundo donax: likewise the previous runs on poplar, 
the hydrolysis was performed for two different reaction times: 30 and 60 minutes. The yields 
ascertained were respectively 21 and 27 weight percent. The LA hydrogenation step, gave 13 and 
17 % of GVL ponderal yield. It is very interesting to note that, also for these runs, the detected 
amount of GVL obtained was about ¾ of the expected value. Probably, in the basification step 
(although a modest amount of NaHCO3 has been used) the quantity of  levulinic acid transformed in 
sodium levulinate was about ¼ of the total amount. 
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The significant importance of ion exchange resins has been shown also for this runs series: indeed, 
runs B3 and B5 were replicated in the same way but avoiding the acid co-catalyst addition 
(respectively runs B6 and B7, table 7.6). The detected GVL molar yields, in these cases, were 
halved, like it happened in the previous discusses hydrogenation. 
 
 
7.5 Conclusions  
 
In this thesis research, a new one pot process for GVL synthesis from biomass has been proposed. 
Since in this work the biomass degradation step to levulinic acid (as shown in chapters 4 and 5) and 
LA hydrogenation step (as shown in chapter 6) have been optimized, it has been possible to work to 
the feasibility of the one pot reaction.  
Even tough the complexity of the starting material, the eventual humins formation, the presence of 
the hydrochloric acid (potential poison for the catalyst), the process has been optimized and it has 
been possible to obtain significant GVL yields in this one pot approach. 
Also these results, never reported before, have been the subject of a patent registered by our 
research group [18].  
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Chapter 8 
Lignin characterization and its re-use 
8 Lignin characterization and its re-use 
8.1 Introduction 
 
The thermal degradation of raw biomass releases the lignin fraction. Together with cellulose, lignin 
belongs to the most abundantly occurring renewable resources. Almost all lignin extracted from 
lignocellulosic materials for paper production in modern pulp mills is burned to generate energy. 
The lack of other, value added, applications is mainly caused by the heterogeneity, odor and color 
problems of lignin based products. As a biopolymer, lignin is unusual because of its heterogeneity 
and lack of a defined primary structure. Lignin is formed by removal of water from sugars to create 
aromatic structures: these reactions are not reversible.  
The heterogeneity of lignin is caused by variations in the polymer composition, size, cross linking 
and functional groups. Differences exist in molecular composition and linkage type between the 
phenylpropane monomers, p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S) units, derived from 
coumaryl, coniferyl and sinapyl alcohol precursors, respectively (see figure 8.1).  
 
OH
CH2OH
OH
CH2OH
OH
CH2OH
MeO MeO OMe
(1) (2) (3)
OH
polymer
OH OH
polymer
MeO MeO OMe
(G)(H) (S)
polymer
 
 
Figure 8.1: The three monolignols alchools: paracoumaryl (1),coniferyl (2) and sinapyl (3)  
and the three lignin units: p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S). 
 
Lignin composition will be different not only among plants of different genetic origin, but also 
among different tissues of an individual plant. In softwood lignin, the structural elements are 
predominantly derived, for more than 95%, from coniferyl alcohol. In hardwoods (and dicotyl crops 
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like flax and hemp), various ratios of coniferyl/sinapyl have been observed, whereas in lignin 
derived from cereal straws and grasses, the presence of coumaryl alcohol is typical [1]. Many 
grasses have mostly G, whereas some palms have mainly S. All lignins contain small amounts of 
incomplete or modified monolignols, and other monomers are prominent in non-woody plants [2].  
 
Figure 8.2: Schematical representation of a fragment of lignin 
 
The major chemical functional groups in lignin include hydroxyl, methoxyl, carbonyl and carboxyl 
groups in various amounts and proportions, depending on genetic origin and applied extraction 
processes. The large lignin molecules fill three dimensions and are heavily cross linked. Sometimes 
lignin is isolated as a brown powder, but more often it is a gummy mixture of lignins with a wide 
range of molecular weights. The degree of polymerization in nature is difficult to be measured, 
since it is fragmented during extraction and the molecule consists of various types of substructures 
which appear to repeat in a haphazard manner. Different types of lignin have been described 
depending on the means of isolation. Moreover, the absence of well-defined, standard analytical 
protocols, adopted by both suppliers and end-users of lignins in different markets is an important 
issue [3] for its broader introduction as raw material in industry.  
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Despite extensive investigation, the complex and irregular structure of lignin is not fully understood. 
It varies, not only between different genera and species in the plant kingdom [4] but also according 
to the method of isolation. In fact, no method of isolation gives a highly representative and totally 
un-alterated native lignin [5]. 
The structure of lignins depends on a number of factors and accordingly can be modulated by 
several means including the botanical origin, the environmental conditions of growth and also the 
conditions of extraction from the in situ lignin network. Indeed, all the delignification techniques 
consist in the cleavage of covalent linkages of natural lignin and result in the solubilisation of 
polymer fragments. Accordingly, the chemical structures of the resulting lignins (molar mass, 
functionality, cross linking density) depend on the experimental conditions of delignification such 
as the use of acid or alkali but also on the use of organic or aqueous solutions and various other 
parameters (time, temperature,...).  
There are two principal categories of lignin: those which are sulphur bearing and those which are 
sulphur-free: the first ones have to date been commercialized. These include lignosulphonates and 
Kraft lignins.  
 
 
8.2 Lignin uses 
 
Lignin is, next to cellulose, the most abundant renewable resource. In paper industry, the alkaline 
pulping of lignocelluloses produces, besides the pulp, a spent liquor containing almost all the 
inorganic chemicals used in pulping, and lignin, de-polymerized and modified as a result of pulping 
reactions. Traditionally, the lignin in black liquor has been used by producing energy while the 
inorganic compounds are recycled back to the digesters. Worldwide about 50 million tons of lignin 
are being produced annually as residue in paper production processes. Due to their very complex 
structure, lignins are amorphous polymers with rather limited industrial uses. They are usually seen 
as waste products of pulp and paper industry and often used as fuel for the energy balance of the 
pulping process. Today, only 1% of all the lignin produced was used in valuable industrial 
processes. Hence, the great challenge is to find new applications for lignins.  
However, there has been extensive research worldwide to find better uses for lignin [6], commonly 
termed as alkali lignin. Lignin can act as a renewable source of many valuable chemicals currently 
derived from petroleum [7, 8].  
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8.2.1 Lignin sulphonate 
 
Lignosulphonates have a wide variety of applications [9-11]:  
• As plasticizers in making concrete, where they allow concrete to be made with less water 
(giving stronger concrete) while maintaining the ability of the concrete to flow; 
• During the production of cement, where they act as grinding aids in the cement mill and as a 
raw mix slurry deflocculant (that reduces the viscosity of the slurry);  
• Production of plasterboard to reduce the amount of water required to make the stucco flow 
and form the layer between two sheets of paper;  
• Lignosulphonates are used to disperse pesticides, dyes, carbon black, and other insoluble 
solids and liquids into water, they are also used to suppress dust on unpaved roads.  
 
8.2.2 Lignin “sulphur free” 
 
Sulphur-free lignins obtained from alkaline pulping of non-wood fibers and a novel precipitation 
process will become commercially available. Also the production of levulinic acid based on 
lignocellulosic materials will bring about the co-production of a significant amount of under-
utilized lignin which is sulphur free type.  
Sulphur free lignins are particularly adequate to replace petrochemicals, especially in the phenolic 
products area. Research is on to develop lignin based polyesters and polyurethanes, carbon fibers, 
plastics, surfactants, elastomer reinforcing agents, adhesives and so on [12].  
The high purity, lack of sulphur, and other characteristics offer new opportunities of application [13] 
and perspective for high added value applications in renewable products [14].  
As a natural and renewable raw material, obtainable at an affordable cost, lignin's substitution 
potential extends to any products currently sourced from petrochemical substances. These lignin 
types not only lack sulphur groups, but possess interesting properties for different applications.  
In recent years, research into naturally occurring polyphenols has drawn increasing attention. 
Polyphenols have shown many favorable effects on human health. They can inhibit the oxidization 
of low-density  proteins [15, 16], thereby decreasing the risks of heart disease [17]. Polyphenols 
have anti-inflammatory activity and anti-carcinogenic properties [18-20], and are well-known to be 
effective antioxidants for food lipids [21]. 
In addition to traditional application strategies [22-24], the use as antioxidant is a potential 
application of lignin. It was reported that Kraft lignin was as effective as vitamin E when employed 
as an antioxidant of corn oil [25]. Lignin acts as an effective radical scavenger to prevent auto-
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oxidation and de-polymerization of cellulose in pulps and papers [26, 27]. Incorporation of lignin 
into synthetic polymer systems can stabilize the material against photo- and thermal oxidation [28-
30].  
In the last decades, a great deal of research was devoted to the development of lignin-containing 
polymeric materials. Two strategies were mostly used [28]. The first consisted in blending larges 
amounts of underivatized or derivatized lignins with synthetic polymer. Usually, this approach 
tends to decrease the mechanical properties of the resulting materials. The other way of lignin use 
consists in the incorporation of lower amounts of lignin in order to take advantage of lignin 
structure and to stabilize the material against photo and thermo oxidation. As a major component in 
dietary fibers, lignin can inhibit the activity of enzymes related to the generation of superoxide 
anion radicals and obstruct the growth and viability of cancer cells [31]. 
The potential application of lignin biopolymer as a component of styrene-butadiene rubber was 
examined with regard to its ability to reinforce the vulcanized polymer.  
It was shown that the sulphur-free lignin preparation improved physicomechanical properties of 
rubber. The determination of the coefficient of lignin activity confirmed that lignin acts as active 
filler. FTIR characteristics of lignin isolated from the vulcanized containing of lignin indicated its 
interaction with the sulphur system, resulting in formation of no cyclic sulphide structures. In the 
case of higher lignin amount in the vulcanized, some interfacial interaction between lignin and SBR 
may occur [32].  
To sum up, the areas in which lignins are applicable include (see figure 8.3, [33]). 
 
 
Figure 8.3: Principal lignin applications 
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1) Multy-polarity related products: Lignin contains both hydrophilic and hydrophobic 
groups. Specific treatments can strengthen either characteristic for particular applications as in 
emulsions and dispersants. 
 
2) Materials: Binders, thermoset, etc. Lignin is a natural branched and cross linked network 
polymer which lends itself to use in materials. 
 
3) Agriculture: Lignin and lignin-derived products play an important role in the formation of 
soils and in plant and animal nutrition.  
 
4) High purity/value applications: High purity support materials or active substances: lignin 
can be used as support materials for food and cosmetic applications comprising gels or 
emulsifiers; specially prepared lignins are suitable as an active substance with anti-oxidant, anti-
bacterial and anti-viral properties. These qualities have already been explored and could play an 
important role in the future. 
 
In this context, the characterization of the solid residue (lignin) obtained from the hydrothermal 
degradation of dedicated crops (already illustrated in the chapter 5) appears very interesting.  
The residues from the biomass conversions to levulinic acid are sulphur free lignins and their re-use 
become very promising. After the acid biomass degradation the raw lignins were recovered by 
filtration, washed up to neutrality, dried under vacuum and stored for successive analysis. Due to 
the structural complexity of lignin, development of reproducible methods is rather difficult, as 
described by several researchers [1, 34]. Fundamental and applied research has been performed for 
a large variety of lignins from wood and non-wood fibers. This includes chemical and physical 
characterization and determination of lignin properties by established protocols (functional groups, 
molecular weight, solubility, etc.) and development of different applications.  
Thus, the recovered lignins were characterized by various methods comprising the determination of 
solubility in different solvents, chemical composition, and functional groups, such as phenolic and 
aliphatic hydroxyl, carboxyl groups and molecular weight. Sigma Aldrich lignin was used as a 
reference lignin. 
 
 
8.3 FT-IR Spectroscopy 
 
With the FT-IR spectroscopy it was possible a structural characterization of the lignins and it was 
determined that the solid material, residue from the biomass acid degradation, was almost totally 
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lignin material and no traces of un-reacted carbohydrates or humins have been detected. A confirm 
that the material recovered after the hydrolysis was almost completely lignin is that the weight of 
the residue nearly corresponded to the weight of lignin present in the starting biomass. That 
indicated that low traces of unreacted carbohydrates or ashes remained in the residue. 
The solid residues recovered after the hydrolysis of the lignocellulosic biomasses poplar, 
miscanthus and arundo donax were characterized as well as the lignin used as reference provided 
from Sigma Aldrich. In figure 8.4, the FT-IR spectrum of the reference lignin has been reported.  
The large band between 3500 and 3100 cm-1 is due to the -OH phenolic and alcoholic groups, which 
are involved in the formation of hydrogen bonds. The absorption bands located at 2936 and 2835 
cm-1 are due to the vibration of methylene (-CH2) and methyl (-CH3) groups respectively.  
The absorption band situated at 1700 and 1600 cm-1 corresponded to stretching vibrations of the 
carbonyl group (C=O): 1700 cm-1 is the wavelength of carbonyl group situated in the β position of 
the acetyl (-COOH) group whereas 1600 cm-1 corresponds to the carbonyl group situated in α or γ 
position.  
 
 
Figure 8.4: FT-IR spectrum of Aldrich Lignin  
 
It is possible to find the aromatic skeletal vibration bands located at 1600 and 1512 cm-1, whereas 
the two bands situated at 1432 cm-1 and 1368 cm-1 are assigned respectively to the stretching 
vibrations of the aromatic ring and the deformation vibration of C-H bonds.  
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Between 1300 and 1000 cm-1, very different bands and peak ratios are present due to various 
vibrations like C-O, C-H and C=O [35]. The absorption bands at 1235 cm-1 and 1213 cm-1 are due 
to the stretching vibrations of guaiacyl rings and they are both of equal intensity.  
The deformation vibrations of C-H bonds in guaiacyl rings could be found at 1123 cm-1 and the 
deformation vibrations of C-O bonds corresponded to the absorption band located at 1080 cm-1. 
The solid residue from biomass hydrolysis was analyzed at FT-IR. The spectra have been reported 
together in figure 8.5 in order to make a comparison between their different characteristics. For a 
better comprehension of the biomass transformation, also spectra for the various starting materials 
were collected. Since these spectra were very similar one to each others, for a more easy 
understanding, only one spectrum was reported in figure 8.6, which of arundo donax. 
 
 
Figure 8.5: FT-IR spectra of lignins obtained from the hydrolysis of various biomasses 
 
The first observation on these three samples is that they have similar characteristics and they 
present absorption peak at the same wavelengths, but, above all, they are very different to the 
starting materials.  
It is possible to affirm that the obtained residues are very similar to a lignin product because the 
absorption peaks due to cellulose presence, that clearly appeared in the starting biomass, 
disappeared after the hydrolysis (see figure 8.6).  
In particular, in the samples after the reaction was absent the absorption peak at 1104 cm-1, due to 
stretching of the ring in the plane. Furthermore, the signal at 1029 cm-1, related to the stretching of 
 
Poplar
Arundo D.
Miscanthus
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C-C, C-O in the C6 position and the peak at 1053 cm-1 attributed to C-O bonds in C3 position 
disappeared. Finally, the two peaks relatively to bending outside the plane of C-O-H bonds, 
vanished. 
All the spectra presented the wide absorption band at 3300 cm-1 typical of stretching of alcoholic 
and phenolic groups and the two bands at 2850 and 2920 cm-1 which corresponded at C-H stretch in 
methyl and methylene groups. By observing the zone between 1800 and 900 cm-1 is possible to note 
the main difference between the samples and the reference lignin: the intensity of the band at 1700 
cm-1 is almost equal to which of the band at 1600 cm-1. This evidence suggested that these samples 
presented a higher amount of C=O groups in β position or -COOH groups than the reference lignin, 
whereas the carbonyl groups in α and γ positions are in equal amount.  
 
 
Figure 8.6: FT-IR spectrum of a starting material (arundo donax) 
 
In the spectra of the samples it was possible to find typical absorption bands of lignin: at 1204 cm-1, 
the stretching vibrations of guaiacyl rings, at 1115 cm-1 the deformation vibrations of C-H bonds in 
guaiacyl rings and at 1030 cm-1 the deformation vibrations of C-O bonds. So, it is possible to 
conclude that the solid products, residue from biomass hydrolysis, were decisively lignin similar. 
The almost total absence of typical cellulose signals indicated that with the acid hydrolysis it was 
almost total converted to LA. Also the high LA yields reported in previous chapter confirmed this 
assumption. FT-IR spectra showed that the lignins studied are not distinctively structurally different, 
which will be further elaborated by the detailed analyses described in this chapter. 
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8.4 Solubility 
 
The solubility of lignins was tested in the two most common solvents which are known to be able to 
partially solubilize it: 1,4-dioxane and THF. The solubility was determined for the reference lignin 
and for the lignins obtained from the hydrolysis of poplar, miscanthus and arundo donax. It was 
tried to solve the samples (2 wt. %) at room temperature and in Soxhlet for 72 hours. After filtration 
under reduced pressure, the residue was dried at 70 °C. In table 8.1 the quantity of lignin soluble 
were reported. The first data from the table shows that the lignin solved in 1,4-dioxane at room 
temperature, in flask, under stirring, was not so soluble. In fact, only a little amount of the product 
was solubilized. On the other side, when the same lignin was extracted in soxhlet, a significant 
higher amount was solubilized. Also the solid residue derived from the hydrolysis of poplar and 
miscanthus and the reference lignin Aldrich were extracted in the same way, in order to evaluate the 
amount soluble in 1,4-dioxane. From the data shown in table 8.1, it appeared clear that almost the 
same percent of every type of lignin was soluble in 1,4-dioxane.   
 
Lignin solvent solubilization T  
(°C)
time
(h) 
soluble fraction 
(% wt) 
Arundo donax 1,4-dioxane flask RT 4 18 
Arundo donax 1,4-dioxane Soxhlet 102 72 42 
Miscanthus 1,4-dioxane Soxhlet 102 72 37 
Poplar 1,4-dioxane Soxhlet 102 72 41 
Aldrich 1,4-dioxane Soxhlet 102 72 45 
Arundo donax THF Soxhlet 66 72 10 
Aldrich THF Soxhlet 66 72 12 
 
Table 8.1: The solubility of various lignins 
 
The lignin from arundo donax and the Aldrich lignin were also extracted in soxhlet adopting THF 
as solvent: the soluble fraction of each type of lignin was lower than that obtained with 1,4-dioxane. 
This experimental evidence demonstrated that, as expected, 1,4-dioxane was a better solvent fro 
lignin than THF. 
 
 
8.5 Ash content determination 
 
The starting raw materials contained a little percent of ashes (inorganic salts, silica, etc): their 
relative percent amounts were reported in table 8.2. Hence, because these inorganic compounds 
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could remain in the solid recovered after the hydrolysis, the ash amount had to be quantified in for 
the successive employments of the lignin. 
The ash content was gravimetrically determined after incineration at 700 °C for 8–12 h till black 
carbon particles have been disappeared [36]: the ashes, which remained in the crucible, were 
weighted and their relative amounts was reported in the table 8.2.  
For Poplar and Arundo Donax, the ash content before the hydrolysis was determined in the initial 
analysis performed by the Agriculture Department who purchased the raw biomasses. On the other 
side, for miscanthus, whereof the analysis of chemical composition was lacking, the ash content 
was measured following the procedure adopted for the solid residue: all the data were reported in 
table 8.2 
 
BIOMASS ASH - raw material
(wt %) 
ASH - after hydrolysis 
(wt %) 
Arundo Donax 3.6 4.6  
Poplar 5.8 6.5 
Miscanthus 4.11 5.2  
1: ash content determined by incineration  
 
Table 8.2: ash content in various lignins 
 
Experimental evidences, like the FT-IR analysis (illustrated in the last paragraph) and, the fact that 
the weight of this residue was similar to which of the lignin present in the raw biomass confirmed 
that the product recovered after the hydrolysis was almost only lignin.  
Hence, the relative amount of the ashes, if they all remained in the residue, should be significantly 
higher than much was present in the raw biomass. Indeed, because the average lignin amount in the 
biomasses was 15-20%, if all the ashes remained on the solid, their preview content has to be 10-20 
weight %. On the contrary, the ash weight percent content on the solid residue was lower than much 
as expected in every experiment (see last column of table 8.2) and the data reported showed a lower 
ash content in every case.  
Thus, is possible to conclude that, during the hydrolysis (which is carried out with HCl at higher 
temperature), a significant fraction of inorganic materials was solubilized, probably as chlorides, 
whereas the insoluble residue remained in the lignin.  
The fact that the content of ashes in the lignin was so low, is promising for future reuse of the 
material.  
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8.6 Anti-oxidant capacity 
 
Currently, the most part of lignin is valorised in energy recovery streams by burning the black 
liquors in the pulp production industry, and only a small amount is isolated from spent pulping 
liquor and commercialized (about 2%).  
However, this amounts to 1 million tons per year worldwide [37]. In addition to this traditional 
lignin applications, lignin could be used as a very effective anti-oxidant. In fact, as seen before, 
research into naturally occurring polyphenols has drawn increasing attention. 
Lignin is a natural phenolic polymer and for this reason, its employment as antioxidant has been 
evaluated, because it can stabilize the reaction induced by oxygen and its radical species [38].  
Mostly antioxidant effect of lignins is considered as derived from the scavenging action of their 
phenolic structures on oxygen containing free radicals. Reported research into lignin model 
compounds [26, 37, 38] indicates that free phenolic hydroxyl groups are essential for the 
antioxidant activity.  
The lignin antioxidant capacity could be determined on the radical scavenging capability. 1,1-
Diphenil-2-picryhydrazyl (DPPH) was used as radical generator. Figure 8.7 demonstrates the 
trapping and stabilization of radicals by lignin, proposed by Barclay [26].  
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Figure 8.7: trapping and stabilization of radical by lignin [26] 
 
It is important to underline that the radical scavenging ability of the phenolic compounds depends 
not only on the ability to form a phenoxyl radical (i.e., hydrogen atom abstraction) but also on the 
stability of the phenoxyl radical.  
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Phenolic structures with substituents that can stabilize the phenoxyl radicals have higher antioxidant 
activity than those that do not.  
For example, ortho substituents such as methoxyl groups stabilize phenoxyl radicals by resonance 
as well as hindering them from propagation. Conjugated double bonds can provide additional 
stabilization of the phenoxyl radicals through extended delocalization.  
However, a conjugated carbonyl group has a negative effect on antioxidant activity.  
In our study, the antioxidant activity of the lignins could be estimated by evaluating the molecular 
weigh and the concentration of functional groups.  
Thus, the lignins have been characterized in order to stabilize this property. 
 
 
8.6.1 Lignin acetylation and FT-IR characterization 
 
Since the lignins were not completely soluble in the tested solvent, they were acetylated (see 
experimental section) in order to make them soluble for the successive measures on the molecular 
weight and the percent of functional groups.  
After the acetylation of the Aldrich reference lignin and the solids residue recovered from the 
hydrolysis, the lignin acetates were collected, washed and dried under vacuum. 
The solid products were analyzed by FT-IR spectroscopy to confirm the acetylation of the substrate: 
the presence of the acetyl groups was confirmed by the more intense band at 1700 cm-1 which was 
lower in not acetylated lignins.  
Furthermore, the O–H stretch vibration signal at the 3410–3460 cm−1 was strongly reduced after 
acetylation, but not completely absent in the FT-IR spectra.  
That indicated the partial substitution of –OH groups with the acetyl group (CH3COO-) and the 
incomplete reaction for the studied lignins. It was reported in the literature that the acetylation of 
syringic acid resulted in not complete conversion of the total amount of phenolic hydroxyl groups, 
which may be attributed to sterical hindrance by two methoxyl groups [37]. Also for lignins the 
acetylation could be incomplete, which will affect the reliability of the method and as a 
consequence to underestimate the phenolic content.  
Notwithstanding this, the acetylated lignins were characterized in order to estimate the percent of 
functional groups, knowing that the amount of functional groups was at least underestimated. 
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8.6.2 NMR Spectroscopy 
 
The acetylated lignins could be characterized by well established quantitative 1H-NMR methods 
[39], (see experimental section for further details) in order to quantify the concentration of 
functional groups [phenolic hydroxyl (ArOH), aliphatic hydroxyl (AlkOH), and methoxyl (MeO)]. 
The acetylated lignins were not completely soluble in chloroform, thus the insoluble fraction was 
solubilized in dimethyl sulphoxide (DMSO).  
In table 8.3 the relative amount of the soluble and insoluble fractions were reported. Furthermore, 
for every type of acetylated lignin the functional groups concentration (mmol of functional group on 
lignin weight) was quantified and also reported in the table.  
For a better comparison, also lignin Aldrich, used as reference, was acetylated and characterized.  
 
Lignin CHCl3 
(wt %) 
DMSO 
(wt %) 
ArOHa 
(mmol/g) 
AlkOHa 
(mmol/g) 
MeOa 
(mmol/g) 
ArOHb 
(mmol/g) 
AlkOHb 
(mmol/g) 
MeOb 
(mmol/g) 
Aldrich 32 % 68 % 3.6 3.3 2.2 2.6 2.2 2.2 
Poplar 33 % 67 % 7.1 6.8 7.2 3.2 2.3 2.5 
Miscanthus 36 % 64 % 8.9 10.2 8.1 3.4 2.8 2.9 
Arundo D. 44 % 56 % 7.7 8.3 8.7 3.4 3.7 4.1 
a: functional groups of the fraction soluble in CDCl3 
b: functional groups of the fraction soluble in DMSO-d6 
 
Table 8.3: functional groups quantification and distribution in lignins 
 
For NMR Spectroscopy, lignin acetate and p-nitrobenzaldehyde (NBA, internal standard) were 
dissolved in CDCl3  or in DMSO-d6.  
It is significant to note that also Aldrich reference lignin was not completely soluble in chloroform.  
Furthermore, the percent of soluble fraction for liquid derived from biomass acid conversion was 
higher than that of lignin provided from sigma Aldrich.  
Lignins obtained from hydrolysis of herbaceous biomasses, above at all arundo donax, were the 
more soluble in chloroform.  
Indeed, the soluble fractions of arundo donax and miscanthus were respectively 44 wt % and 36 wt 
% whereas those of poplar and of Aldrich lignins were 33 and 32 wt % respectively. 
It appears clear from table that the lignins obtained from biomass hydrolysis presented a higher 
functional groups amount than the commercial lignin adopted as reference.  
That could mean a greater fragmentation of lignin with the consequence of an increase of functional 
terminal groups. 
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The concentrations of functional groups in various lignins were reported in the two histograms in 
figure 8.8 and 8.9 (respectively chloroform and DMSO soluble fraction). 
The higher functional group concentration it has been found for lignins obtained from degradation 
of herbaceous biomasses: arundo donax and miscanthus.  
On the other side, the lignin Aldrich presented the lowest functionalization in both fractions: that 
soluble in chloroform and the other one soluble in DMSO. 
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Figure 8.8: functional group distribution: CDCl3 fraction 
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Figure 8.9: functional group distribution: DMSO fraction 
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From the analysis of the reported amounts of functional groups for every type of lignin, it appears 
evident that the most functionalized fraction is which soluble in chloroform.  
A possible explanation of this fact could be that the most functionalized fraction is most soluble 
because of its lower molecular weight.  
The higher concentration of functional groups indicates indeed a higher presence of terminal groups 
and higher fragmentation of the molecular chains of the lignin. 
This hypothesis was confirmed from the successive GPC analysis.  
Literature references demonstrated that the radical scavenging index (RSI) was positively correlated 
to phenolic hydroxyl group (ArOH) content consistent with the studies of lignin model compounds 
[26, 38, 40]. 
Conversely, aliphatic hydroxyl group (AlkOH) content has a negative effect on antioxidant activity 
of the lignin.  
The effect of AlkOH on radical scavenging activity of lignin is not very clear. Dizhbite et al. [38] 
reported that the AlkOH had positive influence on radical scavenging activity of lignin model 
compounds, but they did not observe the same correlation on real lignins.  
Actually, some lignin samples they assessed had higher AlkOH content but lower radical 
scavenging activity.  
 
 
8.6.3 Molecular weight determination 
 
The number-average and weight-average molecular weights (Mn and Mw, respectively) as well as 
molecular weight distribution (polydispersity index Mw/Mn, PDI) of the acetylated lignin samples 
were estimated by gel permeation chromatography (GPC) at 25 °C in chloroform solution on a 
HPLC Waters 2487 chromatograph (see experimental section for further details).  
Since the acetylated lignins were not total soluble in chloroform, the molecular weight was 
measured only on the soluble fraction.  
The obtained results were reported in table 8.4. 
The molecular weights Mn and Mw, reported in table 8.4, are very interesting. For the herbaceous 
biomasses the lignins had low molecular weights that confirmed the higher fragmentation of the 
lignin recovered after the hydrolysis of these biomasses. This fact could indicate that these lignins 
have a higher anti-oxidant capacity. 
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LIGNIN CHCl3  soluble fraction 
(wt %)   
Mn Mw PDIa 
Aldrich 32 % 402 764 1.9 
Miscanthus 36 % 248 566 2.2 
Poplar 33 % 295 578 2.3 
Arundo Donax 44 % 200 466 2.2 
a: polydispersity index Mw/Mn 
Table 8.4: Molecular weights distribution of chloroform soluble lignin fractions 
 
It is clear that the lignin preparations with low molecular weight had high antioxidant activity. 
Meanwhile, it seems that the antioxidant activity benefits from the narrow distribution of the lignin 
molecular weight. Similar observation was reported by Dizhbite [38]: high molecular weight, 
enhanced heterogeneity and polydispersity are factors decreasing the radical scavenging activity. 
Low molecular weight resulted from extensive depolymerization of lignin, i.e., cleavage of ether 
linkages, which led to the formation of new ArOH, the centre to trap radicals.  
In other words, the low molecular weight fraction of the lignin possessed more ArOH than the high 
molecular weight fraction. This is the explanation for the high antioxidant activity of the lignin with 
low molecular weight. 
 
 
8.7 Polyurethane foams from lignins 
 
The utilization of lignin as a macromonomer in polyurethane synthesis often follows two global 
approaches [41]:  
• directly using lignin without any preliminary chemical modification, alone or in 
combination with other polyols;  
• making the hydroxyl functions more readily available through chemical modification, such 
as esterification and etherification reactions.  
In the first part of this chapter, the main characteristics of the lignin materials, obtained from 
biomass degradation, were widely illustrated.  
Since these materials have interesting properties, it appears evident that it could be more convenient 
their use for other approaches than the traditional energy production. In fact these lignins could be 
used like antioxidant, but they can be also employed in the polymers synthesis.  
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Indeed, in the last few years, lots of researches on the development of new polymeric materials, 
starting from lignin, have been reported.  
In particular, new polymeric materials like polyurethanes [42, 43], acrylic [44], epossidic [45] and 
phenolic [46] resins have been prepared. 
The ligninic materials obtained from the biomass degradation in this thesis work, were studied 
about their employment in the synthesis of polyurethanes materials (e.g. rigid foams, elastomers, 
sealers).  
The properties of these new polymeric materials are very interesting because they are very similar 
to which of traditional polyurethanes.  
Due to the short availability of high purity commercial lignins, till now, lot of difficulties, related to 
the employ of these new polymeric materials instead the traditional ones, have been encountered. 
The research group of Professor Andrea Lazzeri from the Department of Chemical Engineering of 
the University of Pisa realized new polyurethanes foams starting from the lignin samples obtained 
from the biomass degradation studied in this thesis work.  
The properties of these polyurethanes foams were very similar to those realized starting from the 
commercial lignin provided from Sigma Aldrich. This experimental evidence confirmed that the 
samples were very similar to a pure lignin.  
Furthermore, the lignin recovered from biomass degradation, showed a greater reactivity towards 
the reaction in every polymerization experiment.  
This fact could be explicated by the greater amount of phenolic and hydroxyilic group in the lignin 
derived from biomass acid hydrolysis, as it was widely illustrated from the 1H-NMR analysis. 
In figure 8.10 one photo of two polyurethanes foams, obtained from the solid residue of arundo 
donax hydrolysis at 190°C, was reported.  
 
 
 
Figure 8.10: polyurethane foams from the residue of arundo donax hydrolysis 
Chapter 8: Lignin characterization and its re-use 
 - 201 - 
In figure 8.11 and 8.12, the SEM imagines of the polyurethanes obtained respectively from lignin 
recovered from arundo donax hydrolysis and from reference lignin Aldrich were shown. 
 
 
Figure 8.11: SEM of polyurethane foams from the residue of arundo donax hydrolysis 
 
 
 
Figure 8.12: SEM of polyurethane foams from Aldrich lignin 
 
From the confrontation of SEM imagines, it appears evident that the foam obtained from Aldrich 
lignin has a more regular and reticulated microstructure, whereas the foam from arundo donax 
lignin appears more irregular and exfoliated.  
However, it is possible to conclude that the material, residue from arundo donax hydrolysis is 
decisively lignino-similar and a polyurthanes foam could be obtained from it. 
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8.8 Conclusions 
 
At the end of this characterization work, it is possible to conclude as follows. The lignins recovered 
from biomass degradation could be used as efficient natural polymeric anti-oxidants. Their high 
content of functional groups and the low molecular weight are both factors that indicated their high 
free radical scavenging capacity. 
These lignins could be used as anti-oxidant and they have various potential applications. Lignin 
functions as an effective radical scavenger to prevent auto-oxidation and de-polymerization of 
cellulose in pulps and papers [26, 27]. Incorporation of lignin into synthetic polymer systems can 
stabilize the material against photo- and thermal oxidation [28-30]. Moreover, the study on eye and 
skin irritation demonstrated that lignin is not harmful to eye and skin and it could be employed for 
topic applications [46]. 
Finally, a lignin employment as starting material for polyurethane foams has been proposed. 
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9.1 Summary 
 
The increase of petroleum oil price and the depletion of fossil sources made the development of 
alternative renewable resources extremely urgent. A substantial amount of research activities is 
currently carried out worldwide to identify attractive chemical transformations for the conversion of 
biomass to bio-fuels and green added-value chemicals.  
Levulinic acid (4-oxopentanoic acid) is a platform chemical with various potential uses (see figure 
9.1): it can be used as solvent, antifreeze and as starting material for polymers and pharmaceutical 
compounds and its ester, ethyl levulinate, can be used as oxygenate additive for diesel fuels. On the 
other hand γ-valerolactone can be used in perfumes and food industries as well in polymer synthesis. 
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Figure 9.1: Levulinic Acid as a platform chemical 
 
In this context, the research object of this thesis work specifically has focused on the conversion of 
the cellulose present in crops (arundo donax, poplar, miscanthus) or wastes (paper sludge, tobacco 
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chops, lemon peels) to levulinic acid (LA) through an acid-catalysed hydrolysis reaction. 
Furthermore, the LA successive hydrogenation to γ-valerolactone (GVL) has been studied. 
Thus, it is possible to summarize the following conclusions: 
• Our laboratory has patented two new processes for the conversion of waste and vegetable 
biomasses which involve the use of a dilute acid in the presence of an electrolyte. In this 
work it has been shown that the optimum conditions are different for the different starting 
materials and they strongly depend on the matrix and metal ions present in the substrate. The 
main reactions parameters are: type and concentration of acid and electrolyte, reaction 
temperature, duration and biomass/water ratio. 
• The hydrolysis reactions were carried out in a broad range of temperature, with various 
acids at several concentrations and different initial biomass intakes. The reaction parameters 
were optimized for each biomass type, considering the matrix and the metal ions which are 
present. The optimization of reaction parameters has permitted to reach high levulinic acid 
yields with a very low by-products (humins) formation. 
• Our laboratory, in collaboration with the Company “Le Calorie S.p.A.” has patented a new 
process for LA synthesis from paper sludge and agricultural wastes such as exhausted lemon 
peels, tobacco chops powder, wood sludge. When a water slurry of tobacco chops powder, 
containing 25 % of cellulose, was employed as starting material, the actual yield of levulinic 
acid of 60 % was obtained. This yield value represents 83.9 % of the theoretical yield, the 
highest up to now reported from a raw biomass. Very high yields have been also obtained 
when a paper sludge and lemon peels were employed. It is also remarkable that, under the 
patented conditions, the complete absence of deposition of solid by-products was 
ascertained [1]. 
• Furthermore, in this thesis, for the first time, the conversion to LA of energetic crops (until 
now only cultivated only for energetic purposes) such as giant reed, poplar and miscanthus 
was developed. When arundo donax was employed as starting material, a levulinic acid 
amount corresponding to 86 % of theoretical value was attained. 
• On the giant reed, a deep study has been completed in order to make a comparison between 
various ecotypes (Rottaia and Torviscosa) and to evaluate the best harvesting period. It was 
concluded that the Rottaia type, sampled preferably in September, gives the best yield 
evaluated on dried material and the best ponderal yield of levulinic acid. These results, 
achieved on arundo donax, have been patented by our research group [2]. 
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• The LA and its ester ethyl levulinate (EL) hydrogenation to GVL was carried out in the 
mildest, ever tested, reaction conditions. For this reaction, a very innovative system was 
proposed and patented [3]. The innovation consists in the combination of a metal supported 
hydrogenating system and a heterogeneous acid catalyst. The latter has a double function: it 
activates the LA carbonyl group toward the hydrogenation and it favours the water 
elimination and ring closure. With this innovative double system is possible to carry out the 
LA hydrogenation in mild conditions of temperature (50 °C) and pressure (5 atm) and reach 
total conversion to GVL also in green solvent like ethanol and water. All these factor 
contribute to make easy the industrial application of the proposed method.  
• Moreover, the new one pot process for GVL synthesis directly from biomass has been 
proposed and patented. Even tough the complexity of the starting material, the eventual 
humins formation, the presence of the hydrochloric acid (potential poison for the catalyst), 
the process has been optimized and it has been possible to obtain significant GVL yields in 
this one pot approach. Also these results, never reported before, have been the subject of a 
patent registered by our research group [3].  
• Finally, the lignins recovered from the biomass degradation were characterized and their 
possible use has been proposed. In fact, due to their high content of functional groups and 
their low molecular weigh, indicating high free radical scavenging capacity, they could 
efficiently be used as a natural polymeric anti-oxidants. In fact, lignin acts as an effective 
radical scavenger to prevent auto-oxidation and de-polymerization of cellulose in pulps and 
papers [4, 5]. Incorporation of lignin into synthetic polymer systems can stabilize the 
material against photo- and thermal oxidation [6-8]. Furthermore, the lignin employment for 
the synthesis in polyurethanes foams has been efficiently proposed. 
In summary, in this PhD thesis work, we have demonstrated that the complete exploitation of raw 
biomass is really possible and economically convenient by using catalytic conversions. 
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10.1 Chemicals 
 
Acetone (Carlo Erba): it was used as received and stored at room temperature  
Diethyl Ether (Carlo Erba): it was used as received and stored at room temperature  
Ethanol absolute (Carlo Erba): it was used as received and stored at room temperature. 
Methanol (Baker): it was used as received and stored at room temperature. 
Glacial Acetic Acid (Baker): it was used as received and stored at room temperature. 
Formic Acid (Baker): it was used as received and stored at room temperature 
Pd(OAc)2 (Aldrich): it was used as received and stored at room temperature (% Pd = 48.1 %). 
RuCl3·H2O (Aldrich): it was used as received and stored at room temperature, (% Ru = 40.8 %). 
Commercial ruthenium catalyst (Fluka): 5% Ru/Al2O3 
Commercial ruthenium catalyst (Engelhard): 5% Ru/C 
Commercial palladium catalyst (Fluka): 5% Pd/Al2O3 
Commercial palladium catalyst (Fluka): 5% Pd/C 
Commercial rhodium catalyst (Fluka): 5% Rh/Al2O3 
NaCl (Carlo Erba): used as received 
NaHCO3(Carlo Erba): used as received 
Hydrochloric Acid (37 %, Baker): it was used as received and stored at room temperature 
Sulphuric Acid (96 %, Baker): it was used as received and stored at room temperature 
Cellulose (microgranular, Sigma-Aldrich): it was used as received 
Lignin (alkali, Mn~ 10000, Sigma-Aldrich): it was used as received 
Levulinic Acid (98 %, Sigma-Aldrich): it was used as received 
Ethyl Levulinate (99 %, Sigma-Aldrich): it was used as received 
Gamma-valerolactone (99 %, Sigma-Aldrich): it was used as received 
Amberlyst 15 Dry (Rohm and Haas): it was used as received and stored at room temperature. 
Amberlyst 70 Wet (55% moisture content, Rohm and Haas): it was used as received and stored 
at room temperature. 
Niobium Phopshate  (NbOPO4, NBP): provided from CBMM (Companhia Brasileira Metalurgia e 
Mineração), it was used as received and stored at room temperature 
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Niobium Oxide (Nb2O5 · n H2O, NBO) water content 20 % wt: provided from CBMM (Companhia 
Brasileira Metalurgia e Mineração), it was used as received and stored at room temperature 
Tetrahydrofuran (Baker): it was used as received and stored at room temperature. 
Pyridine (Baker): it was used as received and stored at room temperature. 
Acetic Anhydride (Baker): it was used as received and stored at room temperature. 
Dimethylformammide (Alfa Aesar): it was used as received and stored at room temperature. 
Na2CO3 (Sigma Aldrich): it was used as received and stored at room temperature. 
Nitrogen, Argon, Hydrogen (Rivoira): analytical pure products and used as received. 
CDCl3, DMSO-d6 (Sigma Aldrich): used as received 
1,4-Dioxane (Sigma Aldrich): used as received 
2-butanone (Sigma Aldrich): used as received 
2-pentanone (Sigma Aldrich): used as received 
2-butanol (Sigma Aldrich): used as received 
2-pentanol (Sigma Aldrich): used as received 
 
10.2 Instrumentation 
 
10.2.1 UV-Vis Spectroscopy 
 
Ultraviolet-Visible absorption measurements were carried out with a UV-Vis spectrophotometer 
JASCO V-530 operating at room temperature.  
 
10.2.2 Bet Surface Area 
 
The BET surface area of the supports and of the supported catalysts was determined by nitrogen 
adsorption, using a single point ThermoQuest Surface Area Analizer Qsurf S1. 
 
10.2.3 Gas Cromatography (GC) 
 
Quantitative analyses of the reaction products were performed with two type of GC-instruments. 
• For reactions carried out in non-aqueous media, the analyses were performed in a HP 5890 
gas-chromatograph equipped with a HP 3396 integrator, a flame ionization detector and a 
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PONA capillary column (50m x 0.2 mm x 0.5 µm) with a stationary phase based on 
poly(methylphenylsiloxane).  
• For reactions carried out in aqueous media, quantitative analyses of the reaction products 
were performed with a Perkin Elmer Autosystem gas-chromatograph equipped with a flame 
ionization detector, and a Zebron ZB-WAX capillary column (30m x 0.32 mm x 0.5 µm) with a 
stationary phase based on poly-ethylenglicol (PEG).   
Both the analysis (aqueous and non-aqueous media) were carried out in isothermal at 90 °C for 20 
minutes for the hydrogenation of levulinic acid and 25 °C for the hydrogenation of butanoic and 
pentanoic acid. 
 
10.2.4 Gas Cromatography-Mass Spectrometry (GC-MS) 
 
The GC-MS analyses were performed using the gas-chromatograph Hewlett-Packard HP 6890 with 
a MSD HP 5973 detector using a G.C. column Phenonex Zebron with a stationary phase of 100% 
metylpolysiloxane, (length of the column of 30 m, inner diameter of 0.25 mm and thickness of the 
stationary phase of 0.25 m). The transport gas was helium 5.5 and the flow is 1 ml/min.  
 
For every run, the conversion, the selectivity, the yield for every catalytic reaction have been 
calculated using the following formulas: 
 
Conversion (%) = 100
)(
)()( ×−
beforereagentMol
afterwardsreagentmolbeforereagentmol  
Selectivity (%) = 100
)().(
).( ×−+ productsbymolproductdesiredmol
productdesiredmol  
Yield (%) = 
100
tySelecitiviConversion×  
 
 
10.2.5 FT-IR Spectroscopy 
 
The lignin residues (acetylated or not) were analyzed by IR spectroscopy on a Perkin-Elmer 
Spectrum One spectrophotometer equipped with an attenuated total reflectance (ATR) apparatus. 
Data elaboration was performed by a Spectrum V 3.2 Perkin-Elmer program. 
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10.2.6 Gel Permeation Chromatography (GPC) 
 
The number-average and weight-average molecular weights (Mn and Mw, respectively), as well as 
molecular weight distribution (polydispersity index Mw/Mn, PDI) of the acetylated lignin samples 
were estimated by gel permeation chromatography (GPC) at 25 °C. Lignin acetate (1 mg) was 
dissolved in 1 mL of HPLC-grade chloroform (CHCl3) without stabilizer, and 50 µL of the solution 
was injected onto the GPC.  
The measures were performed on a HPLC Waters 2487 chromatograph, equipped with an isocratic 
pump, a thermostated column compartment and a refractive index detector and HPLC PL 5 µm gel 
MIXED-C column (300 x 7.5 mm). CHCl3 was used as eluent at a flow rate of 1 mL/min. 
Monodisperse polystyrene standards were used for calibration. 
 
10.2.7 1H-NMR Spettroscopy 
 
Functional groups [phenolic hydroxyl (ArOH), aliphatic hydroxyl (AlkOH), and methoxyl (MeO) 
groups] of lignin were estimated using 1H NMR [1]. The NMR spectra were recorded on a Varian 
Gemini 200 spectrometer operating at 200 MHz. 
Lignin acetate (50 mg) and p-nitrobenzaldehyde (NBA, 5 mg as internal standard) were dissolved in 
0.5 ml of CDCl3 or in DMSO-d6. The contents of functional groups were calculated from 
integration ratios of the protons of functional groups to the protons of the internal standard 
according to following equation: 
 
 
 
where F is the content of the functional groups (ArOH, AlkOH, and MeO), mmol/g of lignin; IF is 
the integration of protons of the functional groups (δ 4.10-3.10 ppm for MeO, δ 2.50-2.17 ppm for 
the acetyl groups corresponding to ArOH, and δ 2.17-1.70 ppm for the acetyl group corresponding 
to AlkOH); 3 is the number of protons of acetyl and methoxyl groups; 4 is the number of protons on 
NBA benzene ring; INBA is the integration of 4 protons on NBA benzene ring (δ 8.4 and 8.2 ppm); 
WNBA is the weight of NBA, mg; 151 is the formula weight of NBA; WL is the weight of the lignin 
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acetate, mg; IAc is the integration of protons of total acetyl groups corresponding to ArOH and 
AlkOH (δ 2.50-1.70 ppm); 42 is the formula weight of acetyl group minus one (43 - 1). 
 
10.2.8 Microwaves Oven 
 
The reactions with microwaves in the oven were performed in the CEM Discover S-class system. 
The instrument consisted of a single-mode cavity which was the newest single-mode design on the 
market. It is represented in Figure 2. The cavity was a self-tuning one. Thus, it was not necessary to 
pay attention about the correct position of the reaction vial for optimum results. It was automatically 
tuned to ensure reproducible reaction conditions and results every time. 
 
Figure 10.1: CEM discover S-class system 
 
It worked with a continuous power generation and control of power supply and it was capable of 
supplying power in 1W increments from 0 to 300 W. Furthermore, it worked through the 
PowerMax technology which means that it was able to cool and heat simultaneously, with an 
automated power control based on the temperature feedback. Moreover, it possessed an air cooling. 
It allowed us the possibility of working in two different ways: the final desired temperature could be 
chosen and the instrument could inflect the power in order to reach the desired value or it was 
possible to set up a desired power at which it worked constantly. The available single-mode cavity 
was large and it was possible to work employing multispeed magnetic stirring bars. It had a 
vertically-focused IR temperature sensor which no need for different vessels to get an accurate 
reading, regardless of volume. It was easy to clean because of its removable spill cups. Cups of 80 
ml were employed and the most important innovation is the possibility of working under a nitrogen 
atmosphere. 
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10.3 Catalysts preparation 
 
10.3.1 Preparation of cubic Zirconium Pyrophosphate (c-ZrP2O7) [2]  
 
Cubic zirconium pyrophosphate was prepared by heating the α-phase of layered zirconium 
phosphate at 900 °C, [30]. The latter, a zirconium bis(monohydrogenphosphate) monohydrate, α-
Zr(HPO4)2·H2O (indicated as α-ZrP), was prepared either by refluxing the amorphous zirconium 
phosphate in 10 M H3PO4 for 100 h [27], (α-ZrP)10/100, or by slow decomposition of the Zr-
fluorocomplexes in the presence of phosphoric acid [28], (α-ZrP)HF. The crystallinity degree of (α 
ZrP)HF is slightly higher than that of (α-ZrP)10/100.  
 
10.3.2 Preparation of Palladium on A70 supported catalysts according to 
microwave procedure [3] 
 
The supported palladium catalyst on A70 ion exchange resin was synthesized by the CEM oven as 
follows.  
A quantity of the metal precursor (palladium acetate) was dissolved in the reaction solvent (ethanol) 
at room temperature working under magnetic stirring and argon atmosphere  
The reaction mixture composed of the solution of the precursor palladium acetate, the support A70, 
was introduced in the 80 ml microwave tube containing a teflon stirrer bar. The vial was purged 
with nitrogen and capped. Then the reaction mixture was transferred in the microwave unit and the 
sealed vessel irradiated at the desired temperature (100°C) for the desired reaction time (5 minutes) 
with cooling activated. At the end of the experiment, the reactor was rapidly cooled at room 
temperature and after the removal of the solvent the catalyst was washed with acetone and ether and 
finally dried under vacuum and stored under argon atmosphere. 
The metal loading of palladium catalysts was verified by UV-Vis spectroscopy [4]. This procedure 
is based on Morrow and Markham method which consists in the measure of absorbance at 408 nm, 
the value for the absorption of Pd2+, of an aqueous solution containing ions Pd2+.  
From the calibration, we obtained a value for ε of 0.99·104 l/cm mol and this is in good accordance 
with that reported in the literature (1.1·104 l/cm mol). The procedure for preparing the unknown 
sample is very easy: in fact, the sample was heated in a porcelain capsule and treated many times 
with fuming nitric acid paying attention not to dry the sample. Subsequently, perchloric acid at 60% 
was added many times, until the presence of white fumes and finally the sample was recuperated in 
the liquid phase. This acid treatment allows the oxidation of metallic palladium to Pd2+, the 
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responsible element for the adsorption at 408 nm. The few obtained millilitres were treated with 10 
ml of water and then, exactly in this order, with 10 ml of an aqueous solution of NaI 5M and 10 ml 
of an aqueous solution of ascorbic acid 5% wt. The first step is necessary in order to catch Pd2+ ions, 
forming PdI42-, whereas the purpose of the second step consists of keeping the palladium in an 
oxidized state, being the ascorbic acid an oxidant agent. Finally, water was added until the final 
volume of 50 ml was reached and at this point the absorbance measure was made. This 
methodology is valid for a concentration of palladium from 1 to 10 mg/l with a final volume of 50 
ml and cells with a light path of 1 cm. 
 
10.3.3 Preparation of Ruthenium supported on NBP catalysts according to 
solvothermal procedure [5] 
 
The supported catalysts prepared according to this method were synthesized the “in situ” approach 
where the reduction step was carried out in the presence of the support.  
A quantity of the metal precursor RuCl3 was dissolved in the alcoholic medium (ethanol or 
isopropanol) at room temperature working under magnetic stirring and argon atmosphere in a 200 
ml schlenk: after few minutes the support NBP was added and the resulting slurry was leaved under 
stirring for one hour.  
The final mixture was introduced in a 300 ml mechanically stirred Parr 4560 autoclave equipped 
with a P.I.D. controller 4843 which had been evacuated up to 0.5 mm Hg. The autoclave was 
pressurized with nitrogen to 30 MPa and heated up to the desired temperature for 3 hours. Then it 
was rapidly cooled, the gas discharged and the mixture was worked-up. After the removal of the 
solvent, the supported catalyst was washed with acetone and ether, dried under vacuum and stored 
under argon atmosphere.  
 
 
10.4 Reactions 
 
10.4.1 Biomass catalytic hydrolysis in autoclave 
 
The biomass hydrolysis reaction were carried out in 180ml a stainless steel autoclave magnetically 
stirred equipped with an internal glass becker (containing a teflon stirrer bar) to avoid corrosion 
problems. In a typical procedure the autoclave was charged with the proper amount of water, 
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biomass, acid and, if necessary, electrolyte. Then the reactor was closed, pressurized with 30 
nitrogen atmospheres and heated to the desired temperature. The autoclave was heated in an 
electrically heated oil bath and the inner temperature of the reaction mixture was measured with an 
internal thermocouple. When the reaction mixture pre-treatment was necessary, the autoclave was 
heated at lower temperature for two hours.   
In a few cases, samples were periodically removed via the liquid sampling valve, collected in 
capped vials and analyzed by gas-chromatography and GC-MS. At the end of the chosen reaction 
time, the reaction mixture was cooled, centrifuged and the products were analyzed on their 
retenction time by GC (Hewlett-Packard G1800 A using a cross linked methyl silicone column) and 
adopting tetrahydrofuran as internal standard. 
 
10.4.2 Biomass catalytic hydrolysis in microwaves 
 
Microwaves reactions were carried out using the mono-mode microwave unit (CEM Discover S-
class system) shown before. The reaction mixture (biomass, water, acid catalyst and electrolyte) 
was introduced in the 5 ml microwave glass tube containing a Teflon stirrer bar. The vial was 
purged with nitrogen and capped. Then the reaction tube was transferred into the microwaves unit 
and the sealed vessel irradiated at the fixed temperature for the reaction time with cooling activated. 
At the end of each experiment, the reactor was rapidely cooled at room temperature and the reaction 
mixture was analyzed by GC likewise in the previous case. 
 
10.4.3 Levulinic acid  and ethyl levulinate catalytic hydrogenation  
 
The hydrogenation reactions were carried out in a 300 ml mechanically stirred Parr 4560 autoclave 
equipped with a P.I.D. controller 4843. In a typical procedure the proper amount of metal supported 
catalyst and the heterogeneous acid co-catalyst (in the cases when it was foreseen) were introduced 
in the autoclave under inert atmosphere. Then the autoclave was closed, evacuated up to 0.5 mm Hg 
and the solution of the proper amount of the reactant in the right amount of solvent was introduced 
inside by suction, followed by pressurization with hydrogen to 5 atmospheres. Then, the reaction 
mixture was heated up to the chosen temperature and once it was reached, the autoclave was 
pressured with hydrogen to the desired pressure. This pressure value was maintained constant 
during the reaction by successive hydrogenation charges. Samples were periodically removed via 
the liquid sampling valve, collected in capped vials and analyzed by gas-chromatography and GC-
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MS. When the reaction was completed, the autoclave was cooled, the gas discharged and the liquid 
mixture immediately analyzed.  
 
10.4.4 Biomass catalytic “one pot” conversion to γ-valerolactone 
 
A typical one pot reaction was carried out as follows. The biomass, water and acid catalyst 
(heterogeneous or homogeneous) were charged in a stainless steel 180 ml autoclave that was 
pressured with 30 nitrogen atmospheres and heated to the desired temperature. After the hydrolysis 
time the autoclave was cooled, degassed and the levulinic acid yield was analyzed in GC. The 
hydrogenation supported metal catalyst was charged, the autoclave was evacuated to 5 mm Hg and 
then it was pressured with 5 hydrogen atmospheres. Then, the reaction mixture was heated up to the 
chosen temperature and once it was reached, the autoclave was pressured with hydrogen to the 
desired pressure, likewise the normal hydrogenation reaction.   
At the end of the chosen time, the reaction mixture was cooled, centrifuged and the products were 
analyzed on their retention time by GC (Hewlett-Packard G1800 A) using a cross-linked methyl 
silicone column and adopting THF as internal standard.  
 
10.4.5 Lignin acetylation [6] 
 
Lignin purchased from Sigma Aldrich and the lignin residue from biomass hydrolysis were 
acetylated. A proper amount of lignin (0.5 grams) was dissolved in 6 ml of pyridine-acetic 
anhydride (1:1, v/v) and the flask was kept in the dark at room temperature for 72 h under stirring.  
Then the solution was added dropwise to 120 ml of ice-cold water containing 1 ml of concentrated 
HCl, under constant stirring. The precipitated lignin acetate was collected on a 10 µm nylon 
membrane filter, washed with water, dried over P2O5 under vacuum, weighted and stored for 
successive characterizations. 
 
10.4.6 Determination of ash content in the lignin [7] 
 
The ash content of lignin was gravimetrically determined after incineration at 700 °C for 8–12 h till 
black carbon particles have been disappeared. To the ash, 20 ml of 65 % (w/w) nitric acid was 
added and boiled gently until a residual volume of 8 ml, and subsequently 4 ml of concentrated 
sulphuric acid was added. This was heated until white fumes were evolved. Four milliliter 65% 
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(w/w) nitric acid was added in order to clarify the solution. If necessary, this addition was repeated. 
After cooling to room temperature, 50 ml demineralised water was added and boiled for 5 min. 
After filtration, the residue was washed, dried and weighed. 
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So long, and thanks for all the fish! 
 
